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ABSTRACT 


A plasma was produced by irradiatino a 5 mil thick 
Mylar (C19Hg04)? foil with a 300 MW, 25 nsec Nd laser 
pulse. Magnetic fields were observed to spontaneously 
arise when the laser-produced plasma was formed. 

The dependence of the self-generated magnetic fields. 
on position, time, incident laser power, and ambient back- 
ground pressure was investigated. The strength of the 
magnetic field, as well as its spatial and temporal de- 
pendences, was found to depend quite strongly on the back- 
ground pressure of nitrogen. Most significantly, the 
strength o£ the field increased by a factor of six when 
the pressure of the nitrogen background was increased 
wom l mTorr to 200 mTorr. 

The results are analyzed by use of a theory in which 
the presence of a background gas influences the generating 


mMeshan+sm of the fields. 
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I. INTRODUCTION 





he the реате а giant-pulse laser is focused on a 
solid target, a dense, energetic plasma can be produced. 
Absorption of the laser radiation by the target results in 
vaporization of material from its surface. This vaporized 
Material then continues to absorb laser radiation, and a 
hot, ionized plasma results. 

Pacer- producea plasmas hereafter rei caed аз Laser 
plasmas) have several desirable features, including their 
ease of production and their initially high temperatures 
and densities. These properties have made them particularly 
suited for plasma confinement studies related to controlled 
fusion research. Іп relation to that important problem, 

a complete understanding of laser plasmas is essential, 
and in recent years interest in them has increased drama- 
really (Ref. 1]. 

The influence of magnetic fields on laser plasmas is 
an important topic in controlled fusion research. The 
interaction of a plasma with a strong magnetic field is 
the only way in which a hot, dense plasma can be confined 
and prevented from expanding under the influence of its 
internal pressure. Magnetic fields can also have more 
subtle effects on a plasma such as by influencing electronic 


heat conduction and the generation of plasma instabilities. 


13 





In studying such topics, it has been generally assumed 
that the only magnetic field present was the externally 
applicd field. Under this assumption, there has been 
ЕЕЕ соу in some notable cases in satisfactorily Cx- 
Blaining the behavior of laser plasmas. 

However, it was recently discovered that a magnetic 
field may spontaneously arise when a laser plasma is pro- 
duced by the laser-induced breakdown of a gas [Ref. 2] 
or by the laser irradiation of a solid target [Ref. 3]. 

From these investigations, it appears that self- 
generated magnetic fields may arise under very general 
eonditions during the production of a laser plasma. En 
fact, these fields may be an inherent property of laser 
plasmas. In that case, these fields must не included in 
a proper theoretical treatment of laser plasmas. 

The previous studies of the self-generated magnetic 
fields involved little more than their discovery. The 
purpose of this thesis is to extend both the experimental 
and the MT knowledge of the origin of those 
fields and their influence on laser plasmas. 

This thesis is divided into nine more sections. 
tion ТІ presents the basic theory for. laser plasmas, 
the interaction between a laser plasma and an ambient 
plasma, and the self-generated magnetic fields. Section 
III discusses the previous experimental work done in these 
arcas. In Section IV the thesis problem is stated. Section 


V contains the details of the experimental arrangement, and 
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the experimental techniques are discussed. In Section VI 
che experimental results of this зпџез да о аше тен е 
These results include the nature and orientation of the 
self-generated magnetic fields, their dependence on the 
incident laser power, the strong influence of a background 
gas of nitrogen on the fields, and their spatial and 
temporal behavior. Estimates of the experimental para- 
meters which could not be measured are given in Section 
ОТТ. Іп Section VIII a theoretical model is proposed to 
explain the strong dependence of the fields on the ambient 
pressure of the nitrogent background gas. Іп Section IX 
the experimental results are analyzed in terms of the 
theory given in Sections II and VIII. Concluding remarks 


AE rcontailned. an Section X. 
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llo THESE 


A.  LASER-PRODUCED PLASMAS 

The production and heating of a plasma by means of the 
interaction of alaser bean with a solid was first treated 
theoretically by Basov and Krokhin [Ref. 4] in 1963 and 
later by Dawson [Ref. 5]. The theory was later refined 
by Haught and Polk [Ref. 6]. Тһе treatment presented 
here is essentially that of Haught and Polk. 

In their treatment, the vaporization and ionization 
of the solid target by the laser was ignored, since they 
were interested only in the heating and dynamics of the 
resulting plasma. Instead, the target was assumed to 
initially be a cold, fully ionized plasma with the density 
of the solid. The laser radiation is then absorbed via 
the inverse Bremsstrahlung process by the plasma electrons. 
The electrons quickly lose their energy to the ions via 
Ali sions,” and the plasma is heated. | 

The heating process produces pressure gradients which 
cause the plasma to expand. Using a fluid model for the 
plasma, the expansion process is described (in the absence 


of any macroscopic electric or magnetic fields) by 


— — A se 


N 


1. Тһе electron-ion, fhermalization time is typical ОЕ 
phe orccmEe s ГО sec for a laser plasma [ Ref. 1]. 
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— әке © 
РЕ = УР 


. “ => s . 
where p is the plasma mass density, v is the expansion 
velocity, and P is the plasma pressure. If the ions and 


electrons are assumed to have a common temperature, then 


the plasma pressure is given by 
p M m T (2) 


where n; and n, are the’ ion and electron particle densities 
and kT is the plasma temperature. 

If energy losses due to plasma radiation processes 
are neglected, then the plasma temperature is determined 
by equating the rate at which the plasma absorbs energy 
Ше the sum of the rate of change of the thermal energy 
fa the plasma and the rate at which work is done by the 


plasma in its expansion: 


а (КТ) 


> > 
W = E (па) dm аа - Мр. у (3) 


where W is the rate at which energy is absorbed per unit 
volume from the laser beam. -VP-v is always positive for 
the free expansion of alaser plasma. After the plasma 
ceases to absorb further laser radiation, W equals zero 
in Egn. 3, and the plasma temperature must decrease as 
the expansion SECUS The laser plasma continues to 
expand under adiabatic conditions, and the thermal energy 
Ot the plasma is converted into kinetic energian reen 


pressure gradient force in Egn. 3. The expansion er us 
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ОЕ the laser plasma then approaches an asymptotic value as 
the absorbed laser energy is converted entirely into 
kinetic expansion energy. 

The creation of a laser plasma from a plane target 
can be treated as a one-dimensional problem if the laser 
beam diameter is larger than the thickness of the plasma 
during its early formative stages. In this case, the 
plasma expands in one dimension away from the surface 
ШЕ х-0). 


For such a one-dimensional geometry, the power absorbed 


0 
- [ ках 
М’ = ФА (1-е * a ) (4) 


by the plasma is given by 


where 0% is the power density (power per unit cross section- 
al area) of the incident laser beam, A is the area of the 
beam, K is the absorption coefficient, and X is the bound- 
ary position of the laser plasma. The absorption coef- 
ficient describing the inverse Bremsstrahlung absorption 
process is given by [Ref. 7] 

ОО E | (5) 

е 1 


К = ----------------- 
3cv^ (2mm Кт) 372 (ло г? 7? 


where z is the ionic charge, e is the electronic charge, 
InA is the Coulomb logarithm [Ref. 8], c is the speed of 
rent, v and P are the laser and bee frequencies, and 
m. is the mass of the electron. Equation 5 shows that the 


laser light can penetrate the plasma only if d and that 
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strong absorption occurs only if Ма is not much less than 


1 2% 


De 51ncc Ша па and since the electron density decreases 
as the laser plasma expands, the plasmazsoonzbr com = 
transparent to the laser radiation, ап сор ее des 
as the expansion progresses. 

Analytical solutions for the one-dimensional motion of 
the laser plasma boundary and for the plasma temperature 
can be obtained if some simplifying assumptions are made. 
The laser is assumed to heat the plasma uniformly so that 
the ions and electrons have a common, uniform temperature 


at all ae Further, the electron and ion densities are 


assumed to have the time-independent form 
BIS (==> S (6) 
O X — 


where no is the density at the target's surface, and the 
velocity of the plasma expansion is assumed to have the 
time-independent form 


= 


oM X 


х<Х | (2) 


мһеге UE is the velocity of the plasma boundary. Equations 
В S are then integrated over the cylindrical volume 
er the plasma. The results are [Ref. 9]. 


a?x 2 (N,+N_JKT 
ТУЗ. мм) A ет (8) 
іі ее mE X 


where N; and No are the total numbers of ions and electrons, 





2. The validity of this and other assumptions made in this 
section is discussed by Haught and Polk [Ref. 6]. 


ша 





апа 


а а ar 
М = cM - c : -— JU SEE == : 
W'-3/2 S- [(N; 48 )kT) 41/6 Sgin m +N m ) (22) ^]. (9) 


After laser shut-off when W' is zero, Eqns. 8 and 9 can 


be combined to give 


1 ах ог 
хат 9 c a 
This equation is solved by 
2 
TX = const. (11.) 


which is the relationship between the plasma temperature 
and volume (volume «X) for a one-dimensional adiabatic 
expansion. Hence, Egn. ll shows explicitly that the 
Meer plasma expands adiabatically after laser shut-off. 
mimeo, Еап. 11 сап Бе used in Eqn. 8 to give for the ac- 


celeration of the plasma front 


SE 3 (ШО) 


which shows that after the laser shut-off, the expansion 
velocity approaches an asymptotic value (i.e. the ac- 
celeration of the laser plasma front approaches zero as 
mt ids). During сас аара Еа ерата иЕе 
plasma's thermal energy is converted into kinetic ex- 


pansion energy as Eqn. 9 shows. 
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В. INTERACTIONS BETWEEN COUNTERS КА И ОИ Ри о 

Two counterstreaming plasmas can be produced by the 
laser irradiation of a solid target located їп an ampere 
background of gas. The Bremsstrahlung radiation from the 
hot laser plasma during its early heating stage is ab- 
sorbed by the neutral atoms of the background gas, апа 
their photoionization results. The ambient background 
gas then becomes an ambient background plasma, and the 
laser plasma streams into it as it expands away from 
muc target. 

These two counterstreaming plasmas may interact with 
each other, with the result that an interaction region E 
forms at the front of the expanding laser plasma. In 
this front region, the laser plasma transfers momentum 
to the ambient plasma. A strong coupling between the two 
plasmas will drastically alter the dynamics of the laser 
plasma, if the density of the ambient plasma is sufficiently 
gh. 

tae mechanism OL the interaction will be binary cols 
lisions between the counterstreaming ions if the ambient 
E orna gas pressure is high enough (2200 mTorr) so 
that the collision mean free path for momentum transfer 
is smaller than the dimensions of the expanding laser 
plasma. At lower pressures, there can still be efficient 
coupling between the two plasmas if collective plasma 
(collisionless) mechanisms are operative. In collisionless 


interactions, momentum is exchanged between ions via 


2 





"effective collisions," in which ions are scattered by 
unstable plasma waves which may be generated when counter- 
streaming ions are present. 

ОК particular interest to this ee is the theoreti- 
E etrcatment by Papadopoulos.et al. [kef веле 
found that the presence of a small magnetic field permits 
pluesron-ion two-stream instability to grow at lower 
electron temperatures than would normally be required. 
Since self-generated magnetic fields are present in the 
laser plasma, this instability may be important, and may 
result in a very efficient coupling between the counter- 
streaming plasmas. If this mechanism is operative, then 


mae interaction front thickness will be given by [Ret. 10] 


V (13) 
B 


where v is the velocity of the front of the expanding 
laser plasma, i and m are the ion and electron plasma 
frequencies, es is the electron cyclotron frequency, and 


4 


B is the strength of the magnetic field. 


БЕ SELF-GENERATED MAGNETIC FIELDS 
When NT and magnetic fields are present, the 
equation of motion for the electron component of the plasma 
is 
av пе 


e 


> -> > e > 
— === == “+ ж -— 
prs VP en, (E V. В) + rol 
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where the subscript e refers to the electron Cen pen: 
Бие quantity involved; E is the electric fiela mmi Er, 
3 is the electron current density, and 9 is the scalar 
electrical conductivity of the plasma. Equation 14 as- 
sumes a scalar electron pressure and that the rate of 
momentum exchange between the ions and the electrons is 
шорокЕлопај to their relative velocity. 

Since inertial forces can be neqlected for the electrons 
when changes are sufficiently slow, > the right hand side 
of Eqn. 14 can be set equal to zero and solved for Е. Тре 


sult is 


> 3 > -> 1 -> 
E = - - V_XB - —— VP x (ШС) 
O e Me e 


Equation 15 is substituted into Maxwell's equation 


ӘБ > > (16) 
NE = = УХЕ 
giving 
вое о позе т 9 
SE = Vx (V xB) - = в VP. (17) 
3. The inertial term in Eqn. 14 becomes significant only 


when the changes in plasma parameters are so fast that 
the electrons cannot respond instantaneously to them. 
This corresponds to changes whose frequencies are at 
Бәсе Ot tee Q5der of the electron plasma frequency 
(typicarly TO sec `). However, here the parameters 
of interest change on a time,scale comparable with 
that of the laser pulse (10 sec). Hence, inertial 
effects can be neglected im aon. mee. 





By using Maxwell's equation for the current density as it 
applies to a laser plasma, and using vector identan = 


(see Appendix A), Eqn. 17 can be reduced ko 








В ә > | 
ЗВ Аы Фа + ob (18) 


The three terms in Eqn. 18 represent, respectively, 
те convection of the magnetic field, the diffusion of the 
magnetic field, and the generation of the magnetic field. 

The convection term describes the transport of the 
field due to the flow of the plasma electrons. In the 


absence of the other two terms, Eqn. 18 becomes 


Q2 
Wy 


| 


= Vx (V. xB). (19) 


a) 
ct 


Equation 19 can be en to be the condition for the ins 
чапсе сі the magnetic flux through any closed contour, 
each element of which moves with the local electron fluid 
velocity V. [Ref. 8]. Further, when the magnetic flux 
through every contour is Strictly constant @ering tie 
motion, it can be shown that the magnetic lines" OT force 
eu be regarded as moving entities, each element of which 
mes with the local velocity V. [Ref. 8]. In other words, 
Eqn. 19 states that the rate of change of the magnetic 
field at a position is the result of the flow of the 
magnetic field by that position at the velocity Ze when 
Hon. 19 is true, the field is said to be "frozen" into 


the plasma. 
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The diffusion term describes the decay of chema о 
field due to Ohmic dissipation of the Currents ean n 
the field. In the absence of the other two terms, the 


magnetic field would be described by a diffusion equation, 





> 2 : 
СЕ об 
Where the diffusion coefficient 1s Tu The character- 
O 


Nic time for the diffusion of the field can be deter- 


mined from Eqn. 20 by dimensional analysis, and 15 


а 2 
= = 1001, (211) 


where L is the characteristic length of the magnetic field. 
In the absence of Ohmic losses (б>о), the diffusion term 
vanishes. 

fmitially there 15 no magnétic field зора топју 
tae last term іп Бап. 18 is nonvanishing. For this 
reason it is called the source term for the creation of 
magnetic field. The source term predicts that a self- m 
generated magnetic field will arise — the temp- 
erature and the density gradients are not in the same 
Erection. 

In order to gain some insight into the generation 
of the magnetic fields, Eqn. 15 is solved for j before the 


magnetic field has become significant: 


= с (2+ Ур 


3 
m e 


(22) 
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Due to their higher thermal velocity, the electron pressure 
g@eadient will act to divewtWe electrons ana AO ое 
ions. This charge separation causes electrostatic fields 
Бо arise which attract the electrons back to thewwons. 

A balance results, in an equillibrium situation, between 
the pressure gradient driving the electrons away from the 
ions and the resulting space-charge fields pulling them 
Back. In this electrostatic situation, the right hand 
side of Eqn. 22 vanishes, and no currents are driven. 

If there is a component of the density gradient, Vn, 
normal to the pressure gradient, Ў (пкт), this balance 
between the electric field and the pressure gradient 3.5 
upset by the diffusicn of electrons at right angles to 
the pressure gradient. Іп this case, the right hand side 
of Eqn. 22 does not vanish, and currents are driven which 
generate magnetic fields. 

When a laser plasma is created, very large density 
gradients arise in. the-z-direction (see Fig. 1) as it 
Ewpands away from the target. However, the source term of 
Бап. 18 shows that no magnetic fields will be created 
unless temperature gradients exist in the radial direction. 
A radial РЕВ с ЕЕ ОБЕ ЕО СЕ Бу the 
direct action of the laser beam. This is because a phy- 
sically realistic laser beam is nonuniform in cross 
section. Instead, the spatial distribution of the beam 
is Gaussian in cross section so that the power of the beam 


is greatest along its axis and falls off toward the lateral 
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extensions of the beam. Then the laser beam produces the 
Strongest heating at the center of the irradiated target 
area and less heating near the boundary of this area. 

Méñce, a temperature gradientewill arise@ain te -r-darectron 
(бее Fig. 1) as a direct consequence of the laser heating 

of the plasma. 

If the laser plasma is axially symmetric, such density 
and temperature gradients result in a particularly simple 
field configuration. A laser plasma created by the ir- 
ава јоп ОБ а рлале target by a} cylindrically symmetrie 
laser beam will have axial symmetry. The axis of symmetry 
will be the target normal which passes through the center 
of the laser-irradiated target area (i.e. the z-axis in 
ПО. 1). "Henceybeeause ofssymmetry, there can be по 
azimuthal temperature or ‘density gradients about the 
Сету axis. According to the source term of Ean. 13, 
the magnetic field will be generated entirely in the 
azimuthal direction about the z-axis. Then, äcceordin инс 
the source term, the radial temperature gradient and the 
axial density gradient will combine to produce an 
ME metric azimuthal magnetic field in the clockwise 
direction about the z-axis (see Fig. 1). 

The length of time that field production ЖЕ 
significant depends on how long the density and the 
temperature gradients remain significant. 1: Еће laser 
plasma expands into a high vacuum, the density gradient 


willsteadily decrease. The radial temperature gradient 
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will also decrease due to heat conduction. Hence, the 
field production in a laser plasma expanding into a high 
vacuum soon becomes negligible at a rate determined by 
the expansion velocity of the laser plasma and its thermal 
Esnductivity. 

Finally, it should be noted that the strongest field 
production takes place where the source term of Eqn. 19 
Ше сев. This will not be where either tbe temperature 
or the density of the plasma is largest, since VT and Vn 
vanish at such positions. Instead, it will be near the 
front of the laser plasma. То illustrate this point, 
consider a laser plasma with a two-dimensional Gaussian 


temperature profile of the form 


D E р 
2122222 ee (23) 
O 


where То is the temperature at the origin, and a Gaussian 


density profile of the form 


2 2 
n(r,Z)en (r)e " /2X (24) 


where n. (x) is the density at the target's surface. "hen 


the source term of Eqn. 18 becomes 





a 22 E (25) 
— е е 5 
е x RZ O 


The position where the source term given by Eqn. 25 is 
maximum can be determined by differentiating Eqn. 25 with 
Fespect to z and with respect to r and сеш лс ыс сс е 


equal to zero. The result for differential a 
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E 





1 – == = 0 (26) 
Еа for- different ti qma 
1 – =>= 0 (27) 


Thus, Eqn. 25 is maximum where z=X and r=R. Then for 
this example, field production occurs at the highest rate 
at the front and side оғ the laser plasma. 

It must again be pointed out that these considerations 
strictly apply only to the case of the expansion of a laser 
plasma into a high vacuum. The effects of an ambient 


plasma on the field production remain to be investigated. 
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III. PREVIOUS ЕХРЕК Пе пеши Oia. 


Др ee = 


A. SELF-GENERATED MAGNETIC FIELDS 

The self-generated magnetic fields produced by irradia- 
ting a solid target with a laser were first detected by 
Samper et al. [ке 31" А пеодупа ип-дорейд glass laser 
with an output of 60 J in 30 nsec was used to irradiate 
a Lucite (C¿H205) fiber 250 microns in diameter. The fiber 
target was located im a background gas of nitrogen. 

The magnetic fields were detected by means of mag- 
netic probes as pulses which propagated with the same 
velocity as the expanding laser plasma front. The direc- 
tion of the fields was primarily azimuthal and in the 
clockwise direction in Figure l. With a nitrogen back- 
ground pressure of 200 mTorr, magnetic fields of up to 
1 kG in magnitude were measured, and the magnitude of the 
spontaneous fields was found to be insensitive to back- 


ground pressure in the range 50-200 mTorr. 


B. INTERACTIONS BETWEEN COUNTERSTREAMING PLASMAS 

The interaction between two counterstreaming plasmas 
M duced by the laser irradiation of a solid Be located 
in an ambient background gas has been investigated by 
Dean [Ref. 11]. His experimental situation was essentially 


ЕВЕ ОС Stamper’er al, (Rei. 3.) Втіетіу, пе monda: 
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(1) 
(2) 


ЕЕ! 


ШЕ) 


(>) 


(6) 


(7) 


A well-defined expanding interaction front existed. 
This front consisted of a shell of increased 
density. 

The dynamics of the front were strongly dependent 
оп the pressure of khe ambient Баска с ии 
The density gradients in the shell depended on 
the ambient density. 

The front thickness was of the order ӨК 1 2 mm; 
which was small compared to estimates of col- 
lisional momentum transfer mean free paths. 

The dynamics of the laser plasma are in good 
agreement with a strong momentum-coupling model. 
A possible mechanism for the collisionless inter- 
action is the.-ion-1on two-stream instability in 
the presence of a magnetic field, since the ob- 
served front widths were in agreement with Eqn. 
13 and since self-generated magnetic fields of 
the order of 1 kG had been detected in the laser 


plasma. 


Other evidence for collisionless momentum coupling 


between counterstreaming plasmas was obtained in an ex- 


periment in which a coaxial plasma gun accelerated an 


aluminum plasma into a low-pressure background gas which 


had been preionized by ultraviolet radiation from the gun 


(Ref. 12]. No coupling was found unless a weak (S200 С) 


magnetic field was applied. A field of this magnitude 


could not directly influence the dynamics of the aluminum 
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plasma. This work also supports a collisionless momentum 
Ecupling which is operative only за the presence oa 


magnetic field. 
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IV. SIALEMENE Or ІНЕЗ ВА 


The previous experimental work Бу Stim тиси 
[Ref. 3) involved only a cursory, initial investigation 
of the general features of the self-generated magnetic 
fields. A more extensive stuđy is needed before their 
generation and subsequent behavior can be thoroughly 
understood. 

This thesis reports the results of such an investigation. 
In particular, the dependence of the magnitude of the 
fields on the power of the incident laser beam and on 
the ambient ата ог a background gas is studied. Also 
a more detailed spatial mapping is undertaken than was 
done previously in order to obtain a knowledge of the 
symmetry and of the spatial and temporal behavior of the 
fields. The experimental results are then analyzed in 
ЕИБ ог Бап. 18. 

Of particular interest in this investigation is е 
influence of the background gas in the generat ronko шы 
self-generated magnetic fields. Due to the technical 
difficulties involved and the lack of adequate time, the 
interaction between the laser plasma and the ambient 
plasma was not investigated in this work. Instead, this 
experiment was done under conditions very Similar to 
those of Dean's investigation [Ref. 11], and the results 


of that work are assumed to be applicable here. Any 
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consequences of the coupling between the two plasmas which 
influence the magnetic fields will be analyzed in terms 


ue bean's results. 
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У. EXPERIMENTAL ARRANGEMENT 


Be LASER 

The laser used in this investigation vas a Korad 
К-1500 Q-switched neodymium-doped glass laser system. 
The system consisted of an oscillator laser which initiated 
the Q-switched beam and an amplifier laser which increased 
the energy of the beam.: The output beam from the .5 in.- 
diameter oscillator rod was coupled into the .75 in.” 
diameter amplifier rod by beam expansion optics. Тһе 
Q-switching was performed by a Pockels Cell. This laser 
system is described in more detail in the MS thesis by 
Davis [Ref. 13]. 

The output of the laser system contained energies in 
the range of 3.5 to 12 J. The duration of the laser 
pulse was nominally 25 nsec, giving laser output powers 


in the range of 150 to 450 MW. 


Bee LASER MONITORING TECHNIQUES 

The laser beam was diagnosed by the use of a Korad 
ismiephotodiode. This photodiode provides a signal 
proportional to the laser power and also’ integrates this 
output to give another signal which is proportional to 
the laser energy. 

In order to diagnose the laser beam, about 1% of the 


beam was reflected by a beam splitter (glass slide) toa 
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MgO diffusing block (see Figure 2). The pho o mie Zar 
detected the rađiation scattered by the diffusing block. 
The power signal was displayed on a Tektronix 7704 os- 
cilloscope which had a maximum sweep rate of 20 nsec per 
division, and the energy Signal was displayed on a Tek- 
tronix 564B storage oscilloscope. . 

The photodiode energy signal was calibrated by using 
a Westinghouse RN-1 Laser Radiometer. The radiometer was 
placed to intercept that portion of the laser beam passing 
through the beam splitter. The radiometer provided an 
absolute measure of the energy of the laser beam against 
which the voltage reading on the storage oscilloscope 
Ed be calibrated. A further description of the photo- 
diode and radiometer is contained in the MS thesis by 
бил ко [Ref. 14]. 

The laser output power signal was used to determine 
the half width duration of the laser pulse. Тһе реак 
laser output power was then determined by dividing the 
laser energy by the pulse width. 

The energy output of the Loser was reproducible only 
to hin tise and had™to bemonitöred ongeyeryzerotr 
The pulse width was much more reliable (within 1 nsec) 


and was checked only once every 20 or so shots. 


С. VACUUM CHAMBER 
The target was located in a vacuum chamber which was 


specially constructed to facilitate the diagnosis of the 
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laser plasma by use of probes and by optical means (see 
Figure 3). The inside volume of the chamber was cylind- 
mecal with a diameter Ofaed0 win. and a пекао он те 
ШІ 5orts shown inveFigure 39asxe circular. 

The laser beam entered the chamber after passing through 
a 28 cm focal length lens. The beam then struck the 
Eget at an angle of 30% to the flat target's normal. 
Bringing the laser beam in at this angle, rather than 
Bermal to the target's surface, does not affect the direc- 
tion of the laser plasma expansion. A laser plasma always 
expands in a direction normal to a flat target's surface, 
regardless of the angle of incidence of the laser beam 
Mer. 9}. By bringing іп the laser beam at 30°, it was 
possible to probe the plasma along the z-axis (at axial 
distances greater than 5 mm) without having the laser beam 
strike the probes. Hence, a more complete mapping of the 
self-generated magnetic field could be performed. 

The target was a circular foil of Mylar (С. 80.) 
AUS in. thick and about 5 cm in т 8 The laser 
Ме struck the target 1.5 cm above its axis of rotation 
and burned a 2 mm-diameter hole in the foil during each 
shot. The foil could be externally rotated to allow as 
many as 24 shots to be made without having to change the 
morl. 

The chamber was pumped to a vacuum of about Sse) 
Horr of air by an oil diffusion pump. Nitrogen с а новце 


then be admitted to the chamber to provide an ambient 
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background for the laser plasma. The ambient pressures 
ОГ nitrogen used were T to 1000 (us 

Vacuum pressures lover than one mTorr were measured 
by means of an ionization gauge. Higher pressures had to 
be monitored on a thermocouple gauge. In order to in- 
sure consistency, the thermocouple gauge was always cal- 
ibrated to the ionization gauge when the transition was 


made. 


D. MAGNETIC PROBES 
Mm Probe Construction and Calibration 
Diagnosis of the self-generated magnetic fields 
was performed with small glass~-enclosed inductive magnetic 
probes. The probe coil was —1 mm in diameter, and the 
outside diameter of the glass tubing enclosing the probe 
was ~2 mm. | 
These probes were calibrated by insertion into 
carefully wound Helmholtz coils. The details of the 
construction and calibration of these probes are contained 
Ehe MS thesis by McLaughlin [Ref. 15]. 
2. Probe Response 
The response, or induced voltage e, Of an In- 


~ 


ductive magnetic probe is given by 
ав 
== эое 
€ nA dt (28) 


where nA is the effective area of the probe coil, and 
dB,/dt is the time rate of change of the component of the 


magnetic field normal to the plane ef them onk 
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In order that magnetic probes be practical ни 
measuring the magnitude of magnetic fields, the probe 
response must be linear. In other words, nA in kan. 28 
must be independent of frequency in the range of interest. 
Ene probes used were found to have resonant frequencies 
of about 45 MHz. At lower frequencies, ПА was approxi- 
mately constant. The self-generated magnetic field signals 
were found to have significant frequency components up 
to about 10 MHz. Hence, the response of the probes was 
Aceptable for the signals detected. 

3. Probe Signal Integration 

As Eqn. 28 shows, the response of the magnetic 
memes is proportional to dB/dt. In order to obtain 
signals proportional to the magnetic field itself, the 
output of the probes was integrated by means of a passive 


Esmmtegrator. The output voltage of the RC integrator is 


nA 


ME x 


B (29) 


where RC is the time constant of the integrator. Equation 
As valid only for frequencies f SUCh “ehat >TERE 219 
(see а. BY. 

The time constant of the integrator was checked 
by integrating sinusoidal signals of frequencies comparable 
to those of the self-generated magnetic fields (1-10 MHz); 


The time constant is then given by 
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шада ый (30) 

| РЕ М 
from Eqn. 29bin Appendix B. This proceedure ао ате 
lowed the frequency dependence of RC to be checked. RC, 
as determined from Eqn. 30, was found to be constant in 
the range of 1-15 MHz. Thus, the response of the inte- 
ee tor was linear for the frequencies of interest. 

ше Propezsenslfivity 
For the probe used, the effective area was 

ДЕ om and the integrator time constant was 
Be=3,7x10 ® sec. Since the magnetic fields were observed 
for as long as 2 usec, their lowest fundamental frequency 
was Е -5х10? cor Then 212 RC=11.6, and the time con- 
stant was acceptable. 


The conversion factor betwen the паев ТО 


ШІ спе output of the RC integrator becomes (Eqn. 29) 
к= О (31) 


where B is in Gauss and V is in millivolts. The magnetic 
field signals were recorded on a Tektronix 7704 oscillo- 
scope which has a maximum vertical sensitivity of 1 mV/ 
division. Since .2 division (1 mm) can be easily resolved 
on the oscilloscope trace, magnetic fields as low as 1 
Gauss in magnitude could be resolved. 
о позе E ШЕНЕУ 
Several steps were taken to insure that the mag- 


netic probe data were meaningful. The probe cable was 
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carefully shielded by covering 1Е и ЕП шега ы ш е 
Beduce electrostatic noise pickup Inor mM Шен зоре 
effectiveness of the shielding, the probe signals were 
monitored when the laser beam was blocked from entering 
the vacuum chamber so that no magnetic field was produced 
to verify that a null signal was obtained. Also, the probe 
coil orientation was rotated by 180?, and the probe signals 
were checked to make sure that they reversed in polarity. 
This test verifies that'the probe signals represent in- 
ШЕСІлуе signals and not electrostatic pickup {Кер еб]. 
Further, the integrated signals were carefully checked to 
insure that they accurately represented the integrated 
dB/dt signals. This was done by recording the probe 
signals with and without the RC integrator. The dB/dt 
signals were integrated by a simple computer program, and 
the computer results were compared with the RC integrated 
signals. 
6. Probe Perturbations 

W order to measure the magnetic fic ld 09 
plasma with a probe, it is necessary to insert the probe 
into the plasma. Unfortunately, the presence of the probe 
will perturb the plasma to some extent and may cause 
dious distortion of the magnetice field. 

The flow of the expanding laser plasma will be 
strongly affected by the presence of a probe since the 
plasma must flow around it. Also, since the glass enclosing 


the probe is an insulator, the current distribution which 
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produces the field will also be pertorbed по писна соли 
over which the probe effectively perturbs the current 
distribution is generally larcer than the volume of tho 
Боре. This is because the probe acts to cool the plasma 
Ma its vicinity, lowering the electrical conductivity. 

In this experiment, the plasma flow was strongest 
along the z-axis. Consequently probe-induced perturbations 
become more significant as the probe is moved in a radial 
direction toward the axis. This fact must be kept in mind 
when the probe data taken near the axis is considered. 

7. Probe Use 

The magnetic probe could be brought into the 
vacuum chamber via either of the two side ports or the 
front port (see Figure 3). However, usually the probe 
mes brought in via a probe port directly above the target 
not shown in Figure 3. The probe ports provided vacuum 
seals around the glass enclosing the probes. 

The probe signal was conducted by 50 ohm cable 
to the oscilloscope input where it was properly terminated. 
The oscilloscope display of the magnetic probe signals 
was B nally triggered by the power signal output of 
the photodiode. This allowed the start of the laser pulse 
to provide a reliable reference time for the magnetic field 


signals. 
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МІС ВАВА НИВА АН RE SUS 


BEL FIELD ORLENTATION. 

The веті-депегатей паспеніс 112105 ео ш ан о. 
Maty in the azimuthal direction with reference to the 
Z-axis and pointed in the clockwise direction in Figure 1. 

ша radial and an axial component of the magnetic 
field were also detected. However, these were of signi- 
ficantly lower magnitudes in comparison with the azimuthal 
component. The radial and axial components were believed 
to be mainly due to the perturbation of the basically 
azimuthal field pattern caused by the presence of the 
glass-enclosed magnetic probes. This belief was later 
confirmed in a test performed by Ronald Bird in which 
an open magnetic probe (i.e. not giass-enclosed) was 
used which had much smaller outside dimensions. This 
probe detected much lower radial and axial magnetic fields 
than the glass-enclosed probe. did, but the magnitude of 


the azimuthal field was about the same for the two probes. 


B. CHARACTERISTICS OF MAGNETIC PROBE SIGNALS 

A typical magnetic probe signal is shown in Figure 4. 
The magnetic field signals detected at fixed positions 
were basically pulse-shaped with a relatively fast rise 
and a relatively slow decay. The magnetic probe signals 


were delayed further in time as the magnetic probe was 
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moved to positions of larger axial distance. In addition, 
tbe duration of the probe signals increased wrltaw ce 
distance. Thus, the magnetic field detected at fixed 
positions can be characterized as a pulse which propagates 
out from the target and broadens as it travels. 


The propagation velocity of the magnetic field pulses 


6.7 E E 


was of the order of 10 -10 cm/sec. This is the same 
order of magnitude as the expansion velocity of a laser 
Plasma. Also, ehe duration of the magnetic field signal 
is considerably longer than the laser pulse in Figure 4. 
This indicates that the self-generated magnetic fields 
were not the magnetic components of the laser beam or of 
electromagnetic waves generated by the interaction of the 
laser beam with the target. Instead, the self-generated 
magnetic fields were produced by conduction currents as- 
sociated with the laser plasma and were convected with it 


as it expanded. 


TASER POWER DEPENDENCE 

The dependence of the self-generated magnetic fields 
on the incident laser power density (power per unit 
target area) was investigated. This was done by varying 
the peak laser power incident on the target. It was then 
assumed that the cross sectional area of the beam did not 
vary with laser power. Then the incident laser power 
density is directly О Lond to the laser power 


itself. 
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The results of monitoring the maximum azimuthal 
magnetic field at a fixed position (i.c: the реша 
in the probe signal of Figure 4) versus the incident laser 
power are shown in Figure 5. For this particular back- 
ground pressure of nitrogen, the magnetic field increases 
sharply With incident laser power for powers in the range 
2:150 MW to 250 MW, For higher laser powers, the mag- 
netic field increases at a slower rate. 

The dependence of the maximum azimuthal magnetic field 
on incident laser power was investigated at other ambient 
pressures of nitrogen gas in the range of l.mTorr to 200 
mTorr. In each case the magnetic field increased mono- 
tonically with incident laser power. However, the specific 
dependence of the field on the laser power was different | 


| 


for each pressure of nitrogen. E 
The investigation of the dependence of the magnetic 
field on the other parameters was done at a fixed incident 
laser power of 300 MW. This -— was chosen because it 
Mes between the range of powers for which the field in- 
сгеазез sharply with laser power and the range of powers 
ROI EM there is a large scatter of the field data (see 
Figure 5). 
Because the laser output was reproducible only to 
feenin +15%, a series of three field measurements was 


needed at each probe position and ambient pressure to 


determine the value of the field at 300 MW of laser power. 
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The field values from the three measurements were or arhead 
on a B versus laser power plot (like Figure 5), and the 
best straight line was drawn through the three points. 
The value of B corresponding to 300 MW along this line 
was taken for the value of the magnetic field at that 
probe position and ambient pressure. 

The degree of uncertainty involved in measuring the 
magnetic fields can be estimated from the B versus power 
plots. In Figure 5 the average percentage of deviation 
ОТ the measured field values from the curve drawn through 
them is 5%, and the largest deviation is 16%. Hence, the 
measured field values may be considered to be correct to 


Ln about 10%. 


Pree RE SOURE DEPENDENCE OF FIELDS 

The most striking result of this investigation was 
the strong dependence of the self-generated magnetic fields 
on the ambient pressure of the nitrogen background gas. 
Figure 6 shows the variation of the maximum azimuthal 
magnetic field at a fixed position with the pressure of 
ehe nitrogen background gas. 

There are three regions evident in Figure 6. For 
pressures lower than 1 mTorr, the magnitude of the mag- 
netic field does not depend on the nitrogen gas pressure. 
Ber pressures in the range of 1-200 mforr, the magnzreude 
of the field rises very sharply with increasing pressure. 


At pressures higher than 200 mTorr, the magnitude of the 
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field rapidly decreases with increasing pressure. This 
curve exhibits an amplification ofi the miae E 
of 6 when the background gas pressure is increased from 1 
5200 mTorr. 

The dependences of the self-generated magnetic fields 
on background gas pressure and on incident laser power 
are combined in Figure 7. This figure shows that the 
specific dependence of the magnetic field on the incident 
laser power varies with' ambient pressure. The dependence 
of the field on ambient pressure, however, 15 essentially 
the same for each laser power. Thus, the laser power 
serves to merely scale the magnetic fields, while the 
ambient pressure affects the basic nature of them. For 
this reason the influence of the incident laser power on 
the self-generated magnetic fields was not investigated 


па пет. 


ШІ SYMMETRY OF THE MAGNETIC FIELDS 

The symmetry of the azimuthal magnetic fields about 
Ane z-axis as predicted by Еап. 18 was tested. 

In order to prevent probe perturbation effects, it 
was necessary to bring the magnetic probe into the vacuum 
chamber via the forward probe port in Figure 3 TENE 
configuration, the glass tubing containing the probe was 
parallel to the plasma flow direction. To test the sym- 
metry, the probe coil was moved to different positions 


along a circle of fixed radius centered on, and normal to, 
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the z-axis. At each position, the probe tubing exposes 
the same cross sectional area to the impinging plasma 
flow. Since the plasma flow is symmetric, any error in 
measuring the field which is a result of probe-induced 
perturbations will be the same at each angular position 
of the probe. Hence, the magnetic fields measured along 
the circle should display any symmetry of the field, even 
if perturbations are significant. | 

The results of measuring the azimuthal magnetic field 
around three different circles are presented in Table I. 
The fields were measured in a nitrogen background gas 
pressure of 250 mTorr and for an incident laser power 
ЗОО MW. The results indicate that the self-generated 
magnetic fields were axisymmetric, within experimental 
error. 

The necessity of taking these precautions regarding 
probe perturbation effects was demonstrated in the fol- 
lowing test. The probe vas brought into the vacuum 
chamber via the top probe port, and the field was measured 
at a certain radial distance directly above the z-axis 
(0-09). Next, the probe was pushed straight down through 
the z-axis so that the coil was located at the same radial 
distance below the z-axis (9=180°). At this position, 
the probe tubing exposed more cross sectional area to the 
plasma flow and should have perturbed the flow more strongly. 
NOt Only was the magnitude of the field твори лови не 


the same below the axis, the direction of the field signal 
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TABLE 1 


RESULTS OF SYMMETRY MAPPING OF AZIMUTHAL MAGNETIC FIELD 


Circle 
Center 


Location 


z=4 mm 


z=4 mm 


z=10 mm 








mr 


Standard 





Probe Maximum 
Circle Angular Magnetic Deviation e 
Radius Position Field (8) O Вауегаре 
r=12 mm 9=0° 10 С 
9=45° 14 С 
0=90° 13 С 
60-135” 13 С 1,16 8.9% 
9=180° 12 С 
0-225? 12 G 
9=315° 13 С 
r-5 mmn Q-45* 83 G 
0-135? 99 G 
6.4 G 7.3% 
9=225° 84 G 
9=315° 86 С 
r=5 mm 0-0? 32 С 
9=45° 41 С 
ПЕ 35 6 3.8 с ІІ 
0225» 32 С 
9=315° 30 С 


49 





und not ET Also, the azimuthal field did M DP. 
along the z-axis (r=0) as it should for an axisymmetric 
зе] а. 

The conclusion is that the probe seriously perturbed 
the plasma flow at positions near the z-axis. The minimum 
radius at which probe-measured values of the field could 
be considered meaningful was arbitrarily taken to be the 
same as the radius of the hole burned in the Mylar foil 
стек, 1 mm. This is the initial radius of the laser 


plasma. 


в. SPATIAL DEPENDENCE OF THE MAGNETIC FIELDS 
Ме PY es sumen var ation 

The pressure variation of the maximum azimuthal 
magnetic field was checked at several positions along the 
r=3 mm line in the 0-0? plane. Data was taken at z=4 | 
mm, 2-8 mm, апа 7-1,4 сп. The data taken at 2-4 пп has 
already been presented (Figure 6). 

A both z- 8 mm and 2—4 em, the dependence - 
field on background pressure resulted in curves which had 
the same basic shape as Figure 6. At each position there 
was a pressure-independent region, a field amplification 
region, and a field damping region. There were, however, 


то basic differences: 


4. The symmetric azimuthal field is everywhere clockwise 
about the z-axis, as the properly performed symmetry 
test verified. Hence, the fields at symmetric positions 
about the axis are in opposite directions. 
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(1) The magnitude of the field at each pressure 
was lower at increasingly larger axial dis- 
tances. In other words, for a given pressure, 
B(z=4 mm) >B(z=8 mm) >B(z=1.4 еп) · 

(2) As the axial distance increased the largest 
magnetic field measured at that position 
occurred at a lower pressure. In other Jords? 
the transition pressure from the field am- 

Је аса о region to. tice tl veld scampi 

region was lower at a larger axial distance. 

This is displayed graphically чи Figure: 

These two results are not unrelated. The magnitude 

of the field for a fixed background pressure was found to 
decrease approximately exponentially with axial distance 
for background pressures higher than 50 mTorr. Further, 
the scale length for this exponential decay (e-folding 
length) was found to decrease with increasing pressure. 
As Figure 9 shows, in the range of 50-1000 mTorr, the 
scale length varied as 


ne |. 


AS (32) 


where РЬ is the background gas pressure. Hence, although 
the field at z-4 mm was larger for 100 mTorr than for 50 
nTorr, at z-1.4 cm the reverse is true because the field 
decreases at a higher rate with distance in a background 


uS pressure of 100 штоке. 
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2. Two-Dimensional Mapping of the Fields 

The azimuthal magnetic fields were mapped ex- 
tensively in the 0-0? plane for three ambient pressures 
of nitrogen. These otassomes were t1, 5, and 75 EN PO 
They represent, respectively, pressures corresponding to 
the pressure-independent region, the onset of the field 
amplification region, and the field damping region (see 
Figure 6). 

Figure 10 11155 кавез the probe location grid used 
in the mapping. Magnetic probe measurements were taken 
decach intersection point of the grid lines. At dis- 

и шсев с1озе to the target, the field's spatial structure 
was relatively fine, and a small grid spacing was used. 
PeNEarther distances, the field's spatial structure was 
broader, and the grid spacing was increased in order to 
keep the number of mapping measurements down to a reason- 
able number. The minimum axial grid spacing was taken as 
since this is the outside diameter of the glass 
tubing enclosing the probe and represents the order of the 
spatial resolution expected from the probes. 

The field could not be measured in the rectangle 
in the lower left hand corner of the grid (see Figure 10). 
This is the region where the laser beam intersects the 
mapping grid as it comes in at 30° to it. A probe placed 
іп this area would be struck and damaged by the laser bean. 


Unfortunately, this is where the early field formation is 
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occurring and represents a very interesting region. In 
the two-dimensional mapping results presented, this area 
will be left blank. 

The results of the ee mapping will 
be presented as contour plots of the magnitude of the 
magnetic field. The contours are the loci of the points 
where the field has a common value. The direction of the 
field is perpendicular to the plane of the contour plot 
(1.е. perpendicular to the mapping plane). A positive 
field value corresponds to a clockwise orientation of 
the field about the Z-axis in Figure 1 and a. negative 
value to a counterclockwise orientation. Because of the 
symmetry of the azimuthal fields, these contour plots give 
full three-dimensional representations of the field when 
they are rotated about the z-axis. 

In order to determine the contour levels, the probe 
data taken at each grid position was used as the input 
data of a computer program. The program first interpolated 
between data points to fill in any missing values of the 
mela On a grid with a l mm spacing. Next, the program 
smoothed the field values by using the computer library 
subroutine SE13 which performs least-squares smoothing. 
Then the computer library subroutine CONTUR was used to 
compute the loci of the contour levels and plot them on 
Еше computer center's Calcomp plotter. 

The results of the two-dimensional mapping of the 


maximum magnetic field values measured for any time at 
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each position are presented in Figure 11 for the three 
p ckground gas pressures. 

In preparing the contour plots, the magnetic fred 
along the z~axis was taken to be zero. AS mentioned pre- 
viously, the magnetic field as measured by the probes along 
mae Z-axis did not vanish. However, this was believed 
to be due to Serious probe-induced perturbations of the 
field. The field was determined to be symmetric about the 
a is and should, therefore, vanish along it. 

.The important features of the maximum magnetic 
ета contours in Figure ll are: 

(1) The ficld in спе 220 mTorr. case- decreased 

more sharply with distance than did the field 
for the other two pressures. 

(2) The field contours in the 250 mTorr case are 
all of a similar oval shape, unlike the other 
two pressure cases. 

(3) Шле field in the .L mpoxrrocase ен собе 
Nearer to the z-axis than ino the other Tivo 
pressure cases. 

(4) The largest value of the magnetic field occurs 
at a larger distance from the target in the 
250 mTorr case than in the other two pressure 
cases. 

3. One-Dimensional Mapping of the Fields 
The field measurements along the r-4 mm line were 


extended to a larger axial distance (to 2-6 ӨШ опап ене 
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the measurements in the two-dimensional mapping grid. 
This allowed the fields to be followed in their propa- 
gation direction for greater distances than could be 
economically accommodated in a two-dimensional Са 

The maximum magnetic fields measured along that 
line are displayed in Figure 12 for the three pressure 
Cases. This figure allows a more direct comparisón of 
the rates of spatial variation of the fields than does 
the two-dimensional contour plot. 

As Figures 11 and 12 show, the fields for 250 
mTorr were characterized by a very sharp decrease with 
distance relative to the fields for the lower pressures. 
Figure 12 shows that although the largest field was twice 
as large in the 250 mTorr case as in the 5 mTorr case, 
the spatial extent of the field in the 5 mTorr case was 
more than twice that in the 250 mTorr case. 

The rates of decrease of, the maximum magnetic 
иста with axial distance for „1 mTorr and for 5 mTorr 
were approximately the same, although the fields decay 
slightly faster with distance in the .1 mTorr case. 

Figure 12 shows that along r=4 mm, the magnetic 
fields reached their largest values at distance out in 
magne Of the target rather than at its surface. This 
Mesult is partly due to the convection of the fields to 
the r=4 mm line. Since the laser plasma which carried 


the fields moved mainly in the z-direction as it expanded 
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radially, the largest field intercepted the r=4 mm line 
at a larger axial distance than идегетте асош ти 


em ginated. 


G. CIME DEPENDENCE. OF Pb. MAGNE LC eee LDS 
Ie реса от рейс ереста с as 

The manner іп which the magnetic fields decay with 
time is shown in Figure La + This figure gives the max- 
imum magnetic field detected at any axial position along 
r=4 mm versus time. 

The field in the 250 mTorr case decayed exponen- 
= ра ЕН time from 60 nsec until 320 nsec, as shown in 


Figure 14. The time constant of the decay was 92 nsec, | 


SO that 


ENS 


p в е COTS: t< 3200 op» 


where Во is the value of the field at 60 nsec and t is 
in nsec. 

The maximum fields in the other two background 
pressure cases decayed at slower nonexponential rates. 
However, the fields in the .1 mTorr case decayed slightly 
faster and became negligible at about 360 nsec, while the 
ШЕ К 5 for a background pressure of 5 mTorr remained sig- 


meracant for more than 1.6 usec. 


5. The reference time (t=0) for all@time Есак чае 
time at which the laser power attains its maximum value. 





2. Тио-Батепелота т ерат 
The results of the two-dimensional mapping of the 
magnetic fields were time resolved so that both the tem- 
poral and the spatial behavior of the fields in the 0-09 
plane could be studied. The results are presented іп 
Eures 15 - 49. 
The important features of the .l mTorr case are: 
(1) The probe signal which appears initially at 
distances far from the target (i.e. in the 
region 229 mm :sNErgure 15) пошли mea lity 
electrostatic pickup from the laser plasma. 
The precautions taken insure that the electro- 
static signals were not generated externally 
to the vacuum chamber. These pickup signals 
had a maximum strength of .3 mV (which would 
represent 2 Gauss if they had been magnetic 
in origin) in Figure 15 and preceeded the 
beginning of the magnetic field signal at 
each position, as inspection of Figures E 
26 reveals. The electrostatic Signals appear 
to cease once the magnetic field arrives at 
the probe pesition so tNat they do Not Miter- 
fere with the magnetic field signals. Hence, 
the magnetic field contours are easily dis- 
tinguished from the electrostatic signal con- 


tours in Figures 15 - 26 except near their 


о 





(2) 


(3) 


common boundary. The етесстовтагтс vor 
contours are labeled with their magnetic field 
strength equivalents so that the seriousness 
of the pickup can be evaluated. 

This same electrostatic pickup was also pres- 
ent on the magnetic probe signals for the 
other two ambient pressures of nitrogen at 
distances greater than about 1 cm. In those 
cases, however, the strengths of the pickup 
Signals were significantly lower than the 
strengths of the field signals, due to the 
stronger fields detected for the higher am- 
bient pressures. This allowed the pickup 
signals to be eliminated from the probe data 
before the data were used in the computer 
program- to generate the contour plots. Eos 
that reason, the contours of the electro- 
static Signals do not appear for 5 and 250 
mTorr in Figures 15 - 49. 

The flow of the magnetic field is almost 
exclusively in the z-direction. The field is 
more confined to the region near the z-axis 
than are the fields for the other two pressures. 
There is a core of the highest magnetic field 
which does not propagate out beyond about 6 mm 


at 160 nsec. 
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(5) 


(6) 


(7) 


(8) 


Тһе 


(1) 


(2) 


A faster component of magnetic field causes 
the contour lines to be distorted in the 
z-direction starting at about 80 nsec. At 
140 nsec this faster component has separated 
fromthe coreo high fieri: 

The core of high field quickly decays after 
140 nsec and ıs no longer evident by 200 nsec. 
The faster component of the field can be 
described as a shell of field after about 

180 nsec. 

After this field shell has left the mapping 
region, the fields begin to reverse their 
direction near the target (340 nsec). This 
field reversal continues until almost all of 
the field in the mapping region has been 
reversed. 

After 800 nsec the magnitude of the fields 
becomes insignificant. 

important features of the 5 mTorr case are: 
Rowan ћемо Лето case; there ic an Core ош 
highest field which does not propagate out 
beyond about 5 mm at 220 nsec. 

Also like the .1 mTorr case, this core of high 
field decays quickly and is no longer evident 


by 240 nsec, 
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19) 


(5) 


(7) 


(8) 


Тре 


(1) 


(2) 


Again like the .l mTorr case, there is a faster 
component of the field which distorts the field 
contours in the z-direction near the z-axis 
(r<s6 mm). 

This faster component can also be described as 
a shell from 180 nsec until 280 nsec. During 
this time, this shell is located at the same 
positions as the shell for .l mTorr at each 
instant. 

There is an additional distortion of the field 
Contre cre larger radial dretances t= son 
which starts at 60 nsec and lasts until about 
200 nsec. 

During this time, there are field contours 
outside of the distorted region. These con- 
tours extend far beyond the field contours in 
сл о 

The field contours form into a shell starting 
at about 300 nsec. 

After the field СЫ leaves the mapping region, 
the field begins to reverse its direction 

(1.4 sec) near the target. 

important features of the 250 mTorr case are: 
The oval-shaped field contours propagate with- 
out distortion until about 180 nsec. 

The core of highest field propagates with the 


other contours. This core stays ahead of the 
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Ба 


(3) 


(4) 


cores in the lower pressure cases. However, 
when the fast shells emerge in the lower 
pressure cases at 180 nsec, they are ahead of 
the core in the 250 mTorr case. 

Serious distortions of the field contours be- 
gin. at. 220. nsec.. These distortions are об а 
different character than those in the two 
lower pressure cases. Two islands of depressed 
field begin to form at 260 nsec at z=1.5 cm, 
r=6 mm and at z=6 mm, r-7 mm. The fields 
become further depressed in these regions and 
finally reverse their direction at 300 nsec. 
At 360 nsec the two islands join. 

The fields increase in magnitude in the re- 
verse direction. By 500 nsec, the field is 
reversed everywhere in the mapping plane. The 
fields reach a maximum strength of 10 Gauss 


поре reverse @irectilon- at 600 nsec. 


Още ае ул ода aana ore Maan e eld 


The magnetic fields measured along the r=4 mm line 


were also time resolved to determine how the spatial varia- 


tion of the fields changed with time in one dimension. The 


results are presented in Figures 50 - 58. These figures 


allow direct comparisons of the three pressure Cases. 


Many of the features pointed out in the two- 


dimensional contour plots (Figures 15 - 49) are evident 


in the one-dimensional field profiles. 
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Figures 50 - 58 illustrate the детета Шш тол нн 
and spatial broadening of the fields. The propagation 
velocities reach maximum values at about 100 nsec and then 
decrease with time. For .1 mTorr, the роза едри of highest 
field propagated at a maximum velocity of DNO cm/sec. 
For 5 mTorr, the maximum velocity was 10” cm/sec. For 
250 mTorr, the field maximum travelled at a highest veloc- 


ity er 6. 5106 cm/sec. 


Tie broader spatial extent of the field pro е 


5 mTorr is one of the most striking features of Figures 
Eu 58. By 120 nsec, the field for 5 mTorr extends 
nearly 5 mm beyond the fields for the other two pressures. 
At later times the differences in spatial extents become 
En larger. 

EBrqures 507= 58 also illustrate tie Tor rmat onion 
EO field profiles into shells. The shell structure of 
the field becomes evident at 280 nsec for .1 mTorr, but 


meer until 440 nsec for 5 mTorr. 


ШЕУ SUMMARY OF EXPERIMENTAL RESULTS 
The most important results of this investigation were: 
(1) Тһе self-generated magnetic fields were produced 
Drzcenduetıon euürrents associated with an ex- 
panding laser plasma and were not the magnetic 


components of an electromegnetic wave. 
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(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


The direction of the fields was primarily azi- 
muthal about the z-axis, and the fields were 
initially in the clockwise аттес nn 
axis in Figure 1. 

The fields were symmetric in magnitude about the 
z-axis. 

The magnitude of the fields increased with in- 
cident laser power. 

The magnitude of the fields was strongly dependent 
on the ambient pressure of nitrogen gas at pressures 
above 1 mTorr. 

Tne presence of the background gas can result in 
amplification of the magnitudes of the fields above 
their high-vacuum values. 

Both the spatial and the temporal behavior of the 
fields were governed by the ambient pressure of 

the gas. 

Differences between the fields for different pres- 
sures of gas were detected even at t=0. 


Of the three background gas pressures used ex- 


tensively, the fields were the strongest for 250 


mTorr but also decayed the fastest both spatially 


and temporally for that pressure. 


(10) The fields for 5 m¥orr of nitrogen had a broader 


spatial extent at each instant of time than did 


those for .1 шТОгт. 





(ll)The direction of the magnetic fields кеменвескан 
late times for all three pressures. The field 
reversal for 250 mTorr occurred по кые; 


earlier than for the other two pressures. 
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VII. CALCULATED ЕХРЕКЕМЕ И А А Ay ИРА 


O w—— 0 жм em me eee eel 


A. LASER PLASMA PARAMETERS 

In order to obtain some estimates on the laser plasma 
parameters for an expansion into a high vacuum, Eqns. 8 
and 9 were programed for computer analysis. 

Use of these equations requires knowledge of the total 
mass of the laser plasma, the charge state of each ion, 
and the fraction of absorbed laser energy which appears 
as the thermal and kinetic energy of the plasma.  Un- 
fortunately, there was no direct knowledge of any of 
these parameters. 

The total mass of the target which was burned off by 
the laser could be determined simply by weighing the 
target before and after laser irradiation. This is not 
the total mass of the plasma unless it has been completely 
ionized, i.e. some of the blow-off may remain neutral. 

The spectroscopic measurements needed to determine the 
degree of ionization and charge state of the ions were 
unavailable in this study. 

The fraction of the incident laser beam energy which 
was absorbed by the target in this experiment has boen 
measured to be about 90$ (RE 14) 2 However; sone of this 
emergy must be used to dissociate апа Tonie i c EE nge и 
This fraction is not available as thermal or kinetic 


energy for the plasma. The theory in Section IIA assumes 


65 





that the target is initially a cold, fully тои 
Hence, the dissociation and ionization energies must be 
subtracted from the incident laser beam energy before 
me can be used aS input data in the computer simulation, 
However, these parameters were not determined experimentally 
лао investigation. 

An appeal can be made to data published for similar 
experimental circumstances in order to get some rough 
ideas of these parameters. Mylar (C4 9H90,) is mostly car- 
bon, and Ready [Ref. 9] has published data on cha 
meters of a laser-produced carbon plasma. The data show 
спас for the peak laser irradiance of this experiment 
ot 


(1 у М the peak temperature of the plasma was 


10 eV and the asymptotic expansion velocity of the front 

was ло cm/sec. Also, using a polyethylene film (C,H,) 

and similar laser parameters, Boland [Ref. 17] found an 

= charge state of 2.3 electrons per ion, that only 
peor the blow-off material had been ionized, and that 

75% of the laser energy had appeared as thermal and kinetic 

energy in the plasma (although 90% of the incident laser 

EE naa been escribe. 

In the computer program, a charge state of 2.3 was 
assumed, and 25% of the laser energy was assumed either 
not to be absorbed or used to dissociate and ionize the 
target. The total mass of the laser plasma was then 


adjusted until the computer results indicated a peak plasma 
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temperature of 10 eV and an asymptotic expansion velocity 
= the front of 10’ cm/sec. 

The mass required to attain these results (10 eV, Ши 
cm/sec) was Е а g corresponding to ао particles. 
e mass of the target vaporized by the laser was ао 
 ИИНепсс, only about 13 of the target material vaporized 
by the laser was contained in the expanding laser plasma. 
The remaining mass of neutral target material consisted 
partly of neutral atoms ejected near the end of the laser 
pulse after the strong plasma heating was over. Large 
pieces of the Mylar target material were also ejected. 

The ejected neutrals have much smaller kinetic energies 
than do the ionized components of the laser plasma. Hence, 
the neutrals will not expand with the laser plasma, and 
the laser plasma can be considered to be fully ionized. 

The results of the computer simulation are given in 
Figure 59. This figure gives the time behavior of the 
Plasma temperature, front position, and front velocity. 

In Figure 59 the laser pulse begins at 0 nsec, reaches 
its peak at 25 nsec, and becomes negligible by 50 nsec. 

These results are based on the one-dimensional model 
discussed in Section IIA. Although the laser plasma 
actually undergoes a radial as well as an axial expansion, 
Figure 59 can be used for a crude estimate of the laser 


plasma parameters. 
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The laser plasma electrical conductivity e 
of highest temperature can now be estimated. Тһе dc con- 


Прево та Бу is given by 


= (34) 


where va is the electron collision frequency. For electron- 


Ben collisions [Ref. 18] 


Yo, = 3.62x10 9n.T 73/21nA a (35) 
ei i e 


where Те іп іп °K and M in ш. For the laser plasma 


at the time of its peak temperature, n; Was 6х1017 cm > 


о that VER was al с. Hence, the conductivity 


was 10" mho/m at that time. 


The electron-ion thermalization time is of interest 
because it must be sufficiently short if a common ion and 
electron temperature in the laser plasma can be assumed. 


The electron-ion thermalization time 1s given by [Ref. 1] 
1.3 32 


TROS RO АТ 
= e 


Зен ES п T (36) 


where A is the atomic weight of the ions, n. is in cmi; 
and To is in keV. For Mylar the average atomic weight 1s 
about 9, and at the time of the peak temperature to tae 


laser plasma n, Was D тай Then toi was about 


BE o 1 sec. Hence, on the time scale of the laser 
heating (00 sec) a common ion-electron temperature can 


be assumed, and the use of a common temperature in the 


laser plasma theory (see Section ITA) те ее 
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Also of interest is the Debye length since it is the 
distance over which' thermal forces can cause significant 
charge separation. The importance of this process in 
Connection with the generation of the self-generated mag- 
netic fields was discussed in Section IIC. Тһе Debye 
length is given by [Ref. 18] 


T 
e 


1. — 6.9103 (©) 1/2 en (37) 


D a 
e 
where To is in “K апа n. in cu For the laser plasma 


at its peak temperature, п. Was ва. en со that 


Ху was о CT 


The electron plasma frequency is given by [Ref. 18] 


y = 8.99 n 1/2 "x (38) 
ер е 


where n. is in = For the laser plasma at the time of 
its peak temperature, Yes was a г. showing 
mat neglect of the inertia term in Eqn. 14 was justified. 
[umally, the time constant for heat conduction is 
[Ref. 5] 
ZI «а. ) £? 

Tc cu : (39) 

h 2.93х102 71 572 
Ке is the characteristic length for the laser plasma 
temperature in cm, no and n, are in Cu and To is in 
keV. For the laser plasma at the time of its peak tempera- 
Imc. was about 1 mm, the initial radius or tho- aikee 


plasma, so that ты was about Ba sec. For an 
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expansion into a vacuum, the plasma temperature decreases 
adiabatically after laser shut-off. та са шо 


temperature decreases as 


-2/3 


Te V (40) 
where V is the laser plasma volume. Since 

ne vti (41) 
then Eqn. 39 shows that Ша varies as 

T, e 12/3 f^ (42) 
so that Th increases as the laser plasma expands 
adiabatically. Thus, for the parameters considered here, 


the time constant for heat conduction remains longer than 
the times of experimental interest, under adiabatic 
conditions. This means that the radial temperature gra- 
dient of the laser plasma which resulted as a consequence 
of the heating by the Gaussian laser beam (as discussed 
section ТІС) м111 remain throughout the expansion of 
the laser plasma, for the case of low ambient pressures 


=. .1 птокк). 


В. PHOTOIONIZATION OF THE BACKGROUND 
The ambient gas is ionized primarily by the Brems- 
strahlung from the laser plasma. The equation governing 


this process is [Ref. 19] 
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Де 





— —— —— —— 





до (г, Е) | a ec (v) n (г, (Ert) P (V, tye on 


= ынаа аа —— dv uu) 


where по апа п, are the electron and the neutral densities 
in the background, r now refers to the radial distance 
rem the origin, v is the photon frequency, па is the 
Nenoazation potential of the background atoms, о is the 
photolonization cross section, and P(v,t) is the spectrum 
the Bremsstrahlung power. 

This equation can be simplified by assuming that all 
one the ee power for СГА is concentrated at 
je In other words, the photons have a highest frequency 
ОЁ E. This assumption will lead to a higher photoion- 
muon than Eqn. 43 predicts, but this equation only 
considers single ionization by Bremsstrahlung. Then the 
actual ionization would be greater than Eqn. 43 predicts, 
and the assumption partially compensates for this. 


Under the assumption, Eqn. 43 can be written 


2% > mono ge 
дп (r,t) с (У 21. (г, Е) е 


ГІ T 

A E E АШ P(v)dv (44) 
us A V 

O O 


The integral in this equation is the total Bremsstrahlung 
power at frequencies such that MaS Une рост 


is given by [Ref. 8) 


ке В\/КТ 


P (v) (45) 


m 





where K is a constant. If Eqn. 45 is integrated over all 
frequencies, the result is the total emitted Bremsstrahlung 
power. The constant K can then be expressed in terms of 


Ehe total power, and Eqn. 45 becomes 


h -hv/kT 
= ll e 
P (v) cp Pr (46) 
where Pin is the total Bremsstrahlung power given by 
Ру = 1.52510 3223 (кт) 1/2 f»,^av Watts (47) 


where kT is in eV and я. іп СЫ is integrated over 


Ehe laser plasma volume. 
Then Egn. 44 becomes 
=? на on r 
on (x,t) 9 (У) п, (К, Е) е n -hv /kT (48) 
= pu x ЕС. i 
4тг һу 


IF оп r<<], the backdaroundogasors ‘осени 
ЕШ Есті. 48 ргейісіес that the degree of ionization 


гледа /n_ (7,0) will be independent of background pressure. 


mer nitrogen, o (ve) is DENS m. The highest background 


pressure used in the mapping was 250 mTorr, so that n, 


6. Energy losses from the plasma by radiation were neg- 
Шесісей іп deriving Еве ейексау, Бабарһсе есер сте 
che Laser plasma “kan. 53) „соса о а ТУТЫ 
power: radiated by the plasma when it is hottest is 
16 MW. At that time, the incident laser power is 
300 MW, justifying the neglect of the radiated power 
rossin Egn. 3. 


p 





was initially ONE E =. Then гов бы on, 


was initially Е ода mds giving a photon mean frce 
ech of about 14 cm. Hence, the background gas was 
"optically thin" for the pressures and observation dis- 
tances used, and the degree of ionization of the back- 
ground was independent of pressure. 

For nitrogen, һу, is 14.55 eV. The peak plasma 
temperature was 10 eV. Then Eqn. 48 predicts low levels 
пл оплга топ in the background exeept very near the laser 
plasma. 

Equation 48 was run in a computer program in which the 
plasma densities and temperatures calculated from Eqns. 8 
and 9 were used as input data. The results are given in 
Eure 60. This figure shows that the degree of ionization 
became negligible beyond 2 cm. 

Near the laser plasma during its peak temperature, 
the background gas is fully ionized, and the nitrogen ions 
are more likely doubly ionized. If the electron tem- 
peratureof the ambient plasma is во Бе 1 еу, 
and double ionization is assumed, then the dc conductivity 
is independent of the ambient plasma density and from Eqns. 
34 and 35 was ВО” mho/m. This is пене of the 
estimated conductivity of the laser plasma. The con- 
suctrvity of the ee ee plasma decreased with distance 
because the density of the neutral particles increased 


causing an increase in the electron-neutral collision 


Ta 





frequency. The conductivity of the ambrentiplasmea е 
mained independent of density at large distances, however, 
because the degree of ionization was pressure- independent. 

The Debye length of the ambient plasma does depend on 
density. Near the laser plasma where the ambient plasma 
was fully ionized, the Debye length was етері О 
ШІ mTorr, ІІ. ӨҢІ Loro? and Taolo ° CM TOT 
00 mTorr. 

The electron-ion thermalization time for the fully 
ionized ambient plasma near the laser plasma can be 
estimated by assuming T. is about l eV in Eqn. 36. Then 
E: becomes ТОЕ зае со 1 поте; ШЕ sec for 
5 mTorr, and 1.5x10 7 sec for 250 mTorr. 

The time constant for heat conduction in the fully 
ionized region of the ambient plasma can also be evaluated 
by assuming f is about 1 cm in Eqn. 39. Then t, becomes 


h 
2х1079 51210 Кола „Jemlorr, О сес for 5 mhorr ата 5xlO0 


5 
с сок 250 mTorr. 

In the interaction region between the laser plasma and 
the ambient plasma, the ambient plasma will be heated as 
· it is swept into a density shell at the front of the laser 
plasma. The density -of the ambient placmalwiti bpe саразеса 
in the density shell. Assuming that it is enhanced by 
a factor of ten in the density shell, the electron-ion 
thermalization time and the time constant for heat con- 


duction for the heating process in the density shell can be 


estimated. Equations 36 and 39 show that toi decreases by 
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an order of magnitude for each ambient pressure іп the 
density shell and Th increases in each case by an order of 
magnitude. Then for 5 mTorr and 250 писти tei is short 
and Th is long in the density shell compared to the time 
scale of the interaction between the laser plasma and the 
ambient plasma (107? sec). Thus, temperature gradients 
Бап exist in the density shell for the times of interest. 
The conductivity in the density shell does not vary with 


density. 


MR CHARACTERISTICS OF THE SELF-GENERATED MAGNETIC FIELDS 
1. Current Density 
The current density distributions which produce 


the self-generated magnetic fields are determined by 


applying 
(49) 


to the magnetic field data. 

Ihe typical current density pattern for 2 10 т 
ши -рјауеа ап Елаике 61. The largest current density 
in Bis pattern is 6.12x10° 2. The current flow was 
toroidal in three dimensions, and there was no current 
in the azimuthal direction. The current density was 
strongest along the z-axıs and reached its largest observed 
values as soon as the magnetic field contours began to 
emerge from the inaccessible area in the mapping plane 


(see Figure 10). The peak current densities observed 


no 





меге соя а гог. ИОГ 57108 SEC fOr 
EEnTorr, and ох а for 250 mTorr. 

The current density configurations became more 
complicated when the magnetic field contours were distorted 
from an oval shape. Figure 62 shows the current density 
w tribution for 5 mTorr at 120 nsec, a time at which some 
of the magnetic field contours have been seriously distort- 
ed (see Figure 21). When Figure 62 is referred to Figure 
Zi, it is noted that the current density is circulating 
about the area of the distortion in the 20 Gauss contour 


Це (259 mm, rzl.l cm). 


eee Maqnetic Frero Energy 
The total energy residing in the magnetic field 


can be computed from the field data by using 
Е, = а ау (50) 
В 21, | 


Mere the integration is over the region of observation. 
r this experiment, the fields had cylindrical symmetry, 
and Eqn. 50 becomes 
ве (ут) 

Еһ = шо r arn adz (51) 
This integral is evaluated in the mapping plane for the 
fields. 

The results тог the” enree cd ie rere mere НЕ 

Pressures are given in Figure”o9. ааа lee a 


in the field energy were due to the emergence of the 
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field contours out of the region об спе шоро ЕЕ 


he. important features ot EFiguregor zu Е 


(1) 


(2) 


(3) 


The magnetic field enexgy for 5 mTorriana 250 
mTorr is initially two orders of magnitude 
larger Панаева Ето. а ЕЁ 

The fieldrenergy for :l mTorr stays пресе и 
constant at about 3 ergs after the field 
contours emerge. The onset of the decrease 

in the fielá energy at 280 nsec corresponds 

to the time at which the largest-valued field 
contours leave the observation region (see 
рате на О и 

From 80 nsec until 180 nsec, no significant 
field has entered or left the mapping region 
(see Figures 19 - 24) in the case of 250 mTorr. 
However, Figure 63 shows a sharp decrease in 
the magnetic field energy during this time. 
The field energy begins a sharper decrease 

at 180 nsec as the field flows out of the 
observation region. At 360 nsec the field 
energy stops decreasing and begins to increase 
асап. “Елапге” 399 shows ша ави gene спеве 
is strong field reversal for 250 mTorr. The 
field energy remains nearly constant over a 
long period of time although the field is 
flowing out of the observation region at these 


late times (see Figure 38). 


ET 





(4) The magnetic field energy for 5 mTorr continues 
to increase after 100 msec even Сола 
field contours have emerged considerably from 
the inaccessible mapping region (see Figure 20). 
From 100 nsec until 260 nsec the energy of 
the magnetic field increases by a factor of 
two, although the field contours show that 
very little field is emerging from the in- 
accessible region (see Figures 20 - 28). 

The field energy remains about constant from 
260 nsec until 400 nsec. At late times the 
energy decreases due to the flow of the field 
out of the observation region. 

(5) It is interesting to note that the largest 
observed field energy (336 ergs) represents 
less than .001% of the absorbed laser energy. 

в 3 x B Force Density 
The self-generated magnetic fields can influence 
the dynamics of the laser plasma expansion via the 3 x B 
merce, 
| Тһе Еур1са1 3 x B force density pattern for 250 
mTorr is displayed in Figure 64. The largest force 


5 m Since the 


@ensity in this pattern is 1,4x10 
current density was strongest near the z-axis where it 
was primarily in the -z-direction (see Figure 61), the 


strongest 3 х В Ғоксе density was in the -r-direction (see 


Figure 64) and acted to "pinch" the laser plasma. 
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The radial pressure gradient of the laser plasma 
opposes this pinching force. In order to compare the 
relative strengths of the 3 x B force and the radial 
pressure gradient, an order of magnitude evaluation can 
be made on the laser plasma parameters. The laser plasma 
dimensions can be estimated from its expansion velocity. 
For 250 mTorr the expansion velocity was E cm/sec 
¡ene axial direction and about half of that value in 
mere radial direction. Then at 120 nsec, the dimensions of 
the laser plasma in this case was about z=8 mm, r=4 mm 
More that this is the position of the highest field for 
250 mTorr in Figure 21), If a plasma temperature of 1 
eV is assumed, then the radial pressure gradient of the 
laser plasma is about OE ne at this time. Hence, 
707250 mTorr at 120 nsec, the ratio of the 3 x B force 
density to the radial pressure gradient of the laser 
plasma is of the order of E. Thus at this time he 
effect of the magnetic field on the dynamics of the laser 
plasma can be neglected. 

This situation also Heliae natiallv. (ше. ас the 
peak of MS E pulse) This can be shown to be the 


case by evaluating 3 x B by the use of Maxwell's equation 


and vector identities. From Eqn. 49 


0; 


> 
2 x 


E (VxB) xB В (52) 
Ho 


By vector identities, this reduces to 


"e 





20355 | (53) 


But the second term vanishes due to the axisymmetric nature 


of the fields. Hence, 
zy 
3 x B = -s——VB Г (54) 


This equation shows that the ratio of the 3 x B force 
density to the radial pressure gradient reduces approxi- 
mately to the ratio of the magnetic field energy density 
EX UC thermal energy density of the laser plasma.  Jn»- 
tially, the thermal energy of the laser plasma was of the 
Шет of 1 J, the absorbed laser energy. On the other 
hand, Figure 63 seems to indicate that for 250 mTorr the 


field energy was initially of the order of 10° ergs or 


D J. At lower ambient pressures, both the magnetic 
fields and the current densities are smaller than those 
used in this analysis while the laser plasma pressure 
gradient is essentially the same. Hence, the 3 x B force 
density can be neglected initially in comparison with 
En laser plasma pressure gradient, 

This analysis indicates.that an azimuthal mag- 
netic field of at least 100 times the magnitude of the 
field present in this experiment for 250 mTorr of nitrogen 


is needed if it is to affect the dynamics of the laser 


plasma. This would be a field of about 10-50 kGauss. 
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4. Magnetic Field Diffusion Time 
The magnetic field diffusion time is given by 


pen. 21 
2 
Тоба әні; (235) 


The characteristic lengths of the magnetic fields 
can be estimated by examining the contour plots of the 
fields. Ағ the earliest times L is of the order of 1 mn. 
Then using the estimated laser plasma conductivity, 

Шишета Ту Um is 72 nsec in the laser plasma. Since the 
conductivity of the ambient plasma was estimated to be 

an order of magnitude lower than that of the laser plasma, 
ШО |зз1у Е is about 2 nsec in the ambient plasma. 

Figure 14 shows that the diffusion time for 250 
mTorr was 92 nsec from 60 nsec until 320 nsec. Using this 
КОШ пе in Eqn. 21 together with Eqn. 34 for the conductivity 
allows the electron temperature of the plasma to be 
estimated. The values of the scale lengths for the mag- 
netic field in the case of 250 mTorr are obtained from 
po weontour plots (Figures 15 - 49). The results are 
that the estimated electron temperature decreased from 
1.4 eV at 60 nsec to .6 eV at 220 nsec. Hence, the 
electron temperature of the plasma is about 1 eV at these 
times. 

If the temperatures estimated one 250 n T ONES 


case are used, the diffusion times for the other two 


ӨЛЕ 





pressure cases can be estimated. АЕ 60 пъес Figures 
shows that the scale length for the field in the .1 mTorr 
case ıs 5 mm, the same as for the 250 mTorr case. Then 
- will be about 92 nsec for .1 mTorr at 60 nsec if the 
electron temperature determined from the data for 250 
mrorr is used. For 5 mTorr Figure 18 shows that L is 
eBsut 1 cm at 60 nsec, so that Ds wiil be 370 nsec for 
this ambient pressure. 
5. Magnetic Reynolds Number 

пешке то О: the convection term to che diffusen 
term in Eqn. 18 is called the magnetic Reynolds number 
апа 15 given by 


УТ 


m 
аа анаа | (55) 


Initially vis 10” ст/ Бес кош ан“ Кале Шајо от in 
uS indicates that initially the convection of the field 
dominates over diffusion. 

At 60 nsec, R has decreased to about 1 for 250 
mTorr, so that diffusion and convection of the field are 
Comparable. Using the diffusion times determined above, 


meres become about 2 for „1 mTorr and about 4 for 5 mTorr. 
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VIII. THEORETICAL MODEL FOR THE PRESSURE DEPENDENCE 


OR THET TEIE TBG 


The theory developed from the source term of Egn. 18 
seems to adeguately explain the gross features of the 
magnetic fields. However, the theory in Section IIC was 
not developed sufficiently to account for the strong 
pressure dependence of the fields. That will be done 
Пале section. 

If an ambient plasma is present, the expanding laser 
plasma will couple to it. ТЕ the density of the ambient 
plasma is high enough so that the mean free path for 
binary collisions between the laser plasma ions and the 
ambient plasma ions is smaller than the dimension of the 
ler plasma, the coupling will ре collasional in nature. 
At lower ambient pressures, collisionless coupling will 
arise because the presence of the self-generated magnetic 
field at the front of the laser plasma will lead to 
coupling via the ion-ion two-stream instability in the 
presence of a magnetic field. 

As а кеби of the coupling; ) amesent plasma wie 
swept up at the front of the expanding laser plasma, and 
a density shell will form. The shell will contain a 
density gradient in the -z-direction. Then field genera- 
tion can occur in the density shell if a radial tempera- 


ture gradient arises. The interaction between the laser 
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plasma and the ambient plasma will cause the swept up 
background to be heated in the density shell. This heat- 
ing will be greatest where the relative velocity between 
the two plasmas is greatest: along the z-axis. Hence, a 
temperature gradient arises in the density shell in the 
-r-direction. Then the density and the temperature gra- 
dients are in the same directions in the density shell 
as they are in the front of the laser plasma. These 
gradients will also be axisymmetric due to the symmetry 
of the expanding laser plasma. Hence, magnetic fields 
are generated in the density shell formed at the front 
of the expanding laser plasma, and these fields have the 
same symmetry and direction as those produced in the front 
of the laser plasma. 

As a result of the interaction between the laser 
plasma and the ambient plasma, the magnetic field initially 
generated in the front of the laser plasma will be enhanced. 
The amount of enhancement will depend on the magnitude of 
the density and the temperature gradients in the density 
shell and the ШОПСЕП ОЕ руле Т can be maintained. As 
long as there is an interaction between the laser plasma 
ana the ambient plasma, these gradients can be maintained. 
Шие, unlike the field production in the front of the laser 
plasma, the field production in the density shell can 
continue long after laser shut-off. Field production will 


finally become negligible as the laser plasma decelerates 
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due to the interaction with the ambient plasma and as 
diffusion of the density shell into the laser plasma 


lowers the density gradient. 
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IX. ANALYSIS OF EXPERIMENTAL RESULTS 


A. GENERAL 

The fields were found to have the orientation and 
symmetry predicted by the source term of Eqn. 18. Also, 
the fields were convected at velocities of about o 
cm/sec. Since this is the expected front velocity of the 
laser plasma, this appears to verify that the highest 
fields were at the front of the laser plasma. 

Figure 63 shows that the three ambient pressure cases 
can be conveniently classified. For .l mTorr, the field 
energy remains about constant after laser shut-off. For 
this pressure, no significant additional magnetic field 
is produced by an interaction with the background plasma, 
Amaral ffusion of the field is not serious. For 5 mTorr, 
field generation in the density shell continues long 
after laser shut-off, and field generation dominates 
nur diffusion. For 250 mTorr, diffusion of he field 
quickly dominates over generation, and this case is 


characterized by strong dissipation of the field. 


B. ENHANCEMENT OF THE MAGNETIC FIELD WITH AMBIENT PRESSURE 
The enhancement of the magnetic field with ambient 

pressure (see Figure 6) was a result of the extra field 

generated as a result of the interaction between the 


ambient plasma and the laser plasma. 
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Figure 63 shows that the field energy for 250 mTorr 
wes two orders of magnitude larger thai Шави ои тиЕе 
This fact could only be true if more field were generated 
for an ambient pressure of 250 mTorr. 

Further, the extra field was produced primarily in 
the density shell which formed at the front of the laser 
plasma as it swept up the ambient plasma. If the axial 
density gradient of the shell is approximated by n„/8 
where 6 is the width of the density shell, then the ad- 
dition to the source term becomes 


ATA 
1 > 2 
5 = т хўп pd (56) 
en, e e еб 


where Pala is the radial temperature gradient of the 
density shell. During the initial generation of the 

field which occurs during the strong laser heating, eT 

in the density shell should be about the same as in the 
laser plasma and = be regarded as approximately in- 
dependent of ambient pressure. Hence, the additional field 


produced in the density shell should scale roughly as 


~ 


AB « x | (57) 


Under experimental conditions similar to those of 
this investigation, Dean [Ref. 11] has measured the width 
of the density shell swept up at the front of an expanding 
laser plasma. He found that for a background of nitrogen 


ó decreased with ambient pressure. Further, he found that 
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when the ambient pressure was increased from 25 mTorr to 
200 mTorr, б decreased by a factor of two. Reference 

to Figure 6 shows that the additional field above the 
pressure-independent value is 99 Gauss for 25 mTorr and 
192 Gauss for 200 mTorr. Thus, the additional field 
increased by the same factor that 6 decreased by. Hence, 
the scaling of the additional field in this pressure range 
agrees with Eqn. 57. 

Dimensional analysis can be used to check the ability 
Ше Еп. 56 to account for^the magnitude of the extra field. 
ШЕЙС 15 obtained from Dean's data [Ref. 11] for 200 mTorr 
E Umm), then Egn. 56 psedicts that the extra field of 
200 Gauss could be generated іп 10 nsec if the temperature 
cae rdaensity shell varied by 2 eV ъп about l mm. This 
is quite possible, although no temperature measurements 
were available to verify it. 

The pressure-independent region of Figure 6 is due to 
the negligible interaction between the laser plasma and 
the ambient plasma for low ambient pressures. Probably, 
the heating of the ambient plasma swept up at the front 
of the laser plasma is not sufficient to cause significant 
ld production in the density shell, Then for .l mTorr, 
che field detected was presumably all generated in the 
front of the laser plasma. An estimate of the strength 
of this field during the early laser heating can be ob- 


tained by extrapolating the magnetic field energy curve 
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for .l mTorr in Figure 63. For this pressure nc 
Energy 1s decreasing slowly and appears to Have mesa 

about 5 ergs at t=0. At that time the dimensions of the 
laser plasma were about z=1 mm and x=1 mm. Then the 
average field in this volume which would give a total 
energy of 5 ergs would be 200 Gauss. Assuming the tem- 
perature varies by no more than 2 eV in about 1 mm and 

6 — 2=1 mm, the approximated source term, Eqn. 56, predicts 
that this field could ре generated in 10 nsec (i.e. within 
the laser pulse vidth). Hence, the source term can also 
account for the field generated in the laser plasma. 

The three ambient pressures of nitrogen used for the 
mapping studies can be characterized by the magnitudes of 
the additional field initially generated in the density 
НЕ. For .l mTorr, the extra field was negligible 
compared to the field generated in the front of the laser 
puma. For 5 mTorr, it was comparable. For 250 mTorr, 
the extra field generated in the density shell is much 
larger than the field generated in the laser plasma. 

The field enhancement with higher pressures cannot 
be due to any enhanced absorption of the laser energy 
caused ру the presence от Полк л асс Е 
conclusion follows from Figure Y which shows that doubling 
the incident laser power had less influence on the mag- 
nitude of the fields than increasing the ambient pressure 


from 1 mTorr to 200 mTorr. Since 90% of the laser power 
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was absorbed anyway, the absorption could not be enhanced 


by more than 103. 


2% SPATIAL AND TEMPORAL BEHAVIOR Ol SEE. tft. 
i) LOW Ambient Pressures 

For ambient pressures in the pressure-independent 
стоп ОБ Figure G (pressures lower than 1 mTorr), the 
ambient plasma plays an insignificant role in the cence 
mon OL the magnetic field. In this case, the spatial and 
temporal behavior of the field is governed primarily by 
МО потоп О the laser plasma. Thus, the two-dimensional 
Semeours for .1 mTorr of nitrogen can be analyzed by 
considering the motion of the laser plasma. 

The field contours for .l mTorr (see Figures 15 = 
аге more confined to the region near the z-axis than 
me those for the other pressures because the laser plasma 
expands primarily along the z-axis. 

A possible explanation of the slow core of high 
field which does not propagate past 6 mm and the faster 
component of field which eventually distorts the contours 
can be obtained from laser plasma studies. It has been 
observed [Refs. 20 and 21] that when a laser plasma expands 
into a high vacuum, the plasma density profile has two 
components. These are a rapidly moving shell which does 
not recombine and a slowly moving core which recombines 
rapidly and never expands beyond about 1 cm. This two- 


component behavior of the laser plasma density seems to 
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agree with the two-component behavior ос не гет ы 
mrorr. Thus, the distortion of the meli andina 
тер of a field shell seem to be due to the convection 
of the field by the fast density shell of the laser plasma. 

The field reversal detected at late times for .1 
mTorr could only be the result of field generation. Exam- 
ination of Egn. 18 shovs that axisymmetric field reversal 
can only occur if the source term is nonvanishing. The 
convection and the diffusion terms are both proportional 
to B. Since B must decrease through a magnitude of zero 
if it is to reverse direction, these terms would both 
vanish as the field decreased in magnitude Co т 
source term is necded to drive the fields in the reverse 
direction. 

Since the fast density component of the laser 
plasma forms into a shell at late times, the density 
са ent behind the front will be in the +z-direction. 
Since the temperature gradient is-still in the -r-direction, 
the source term of Egn. 18 predicts that the field will 
be generated in the counterclockwise direction about the 
Z-axis in Figure l. This is opposite to its previous 
се оп. 

Because of the low ambient density in this case, 
the negligible interaction between the laser plasma and 
the ambient plasma cannot produce much heating. However, 


because of the low thermal conductivity of the laser 
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plasma, the radial temperature gradient produced during 
the laser heating will remain for a very long time; the 
relaxation time for temperature gradients was estimated 
to be about йода sec for the laser plasma. Hence, field 
generation will be taking place at late times (600 nsec). 
Besides the late-time field reversal, the observed 
ау time of the magnitude of the field also supports 
generation of magnetic field in the fast density shell. 
The diffusion time for the field for .1 mTorr was es- 
аи сеа to be the same as for 250 mTorr, 92 nsec. Figure 
13 shows that between 40 nsec and 130 nsec, the magnitude 
of the field did decrease by 1/e (where e is the base 
for natural logarithms). Then during this period the 
field decreased with a characteristic time of 90 nsec 
w mTorr. At times later than 140 nsec, Figure 13 
shows that the magnitude of the field decreased with a 
longer characteristic time, and Figure 63 shows that the 
field energy remained about constant at these times for 
„1 mTorr. The conclusion appears to be that field genera- 
tion was balancing field dissipation by diffusion at times 
later than about 140 nsec. Because of the low magnitude 
On the field for .1 mTorr, only about 4 Gauss would need 
to be generated in 100 nsec to account for the difference 
Between the observed decay time of the field and the es- 


timated field diffusion time of 92 nsec. 
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ТЕ the dimensions of the field shell are assumed 
to correspond to the fast density shell, the ера о отео 
can be used to allow an order of magnitude estimate of 
the source term to be made at these times, Figure 24 
shows that at 180 nsec the dimensions of the field shell 
are about 8 mm in the z-direction and about 5 mm in the 
Erection. Then the scale length for the axial density 
gradient of the shell (under the above assumption) would 
be about 4 mm and the scale length for the radial tempera- 
ture gradient would be about 3 mm. Then the source term 
of 18 predicts that the required field of 4 Gauss in 100 
nsec would be generated if the temperature of the density 
shell varied by only .04 eV in the radial direction, 
which seems quite reasonable. This field production which 
compensates for the field dissipation by diffusion is 
Secvirring in the front of the density shell (where the 
density gradient is in the -z-direction) while the reversed 
field is generated behind the density shell. 

2. High Ambient Pressures 

For high ambient Bes с (>50 mTorr), the mag- 
netic fields are initially larger than those for lower 
pressures but subsequently damp strongly with time and 
with distance. The fields decay at approximately ex- 
ponential rates both in space (see Figure 9) and time 
(see Figure 14). The spatial decay rate increases with 


ambient pressure (see Figure 9). 
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The exponential decay with time indicates strong’ 
dissipation of the fields as they are convected by the 
expanding laser plasma. If the field is convected at a 
@enstant velocity, then the diffusion ofthe field wear 
studied most conveniently in the moving frame of the field. 
If diffusion dominates over field generation, then in 


the moving frame of the field, Eqn. 18 becomes 


ys. (20) 
ТИС 


021 02 
edes 


The field initially has a roughly Gaussian spatial profile 
as Figure 50 shows for 250 mTorr. Equation 20 can then be 
used to describe the decay of the maximum of the field 
profile as it is convected. At the position of the max- 


imum of a Gaussian profile, Eqn. 20 becomes 





1 ~ В е 
qe 
Но 


E 
Е = (58) 


с апа L are functions of time; o decreases; and L 
increases. Figure 14 shows that they change in such a 


way that the diffusion time 


x 2 
D. = MOL (21) 


memains constant for 250 mTorr from about 60 nsec until 
300 nsec. Then the maximum field in the moving frame 


тес ас 


Be) = ве У и (59) 
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This behavior of the field for 250 пловке БОИ 
Figure 14 which also indicates that Tas is 92 nsec. 

Diffusion of the field dominates ov re k 
generation because for high ambient pressures Та 15 much 
shorter than the characteristic time for field generation. 
This is because the strongest fields were produced in the 
density shell at the front of the expanding laser plasma 
for pressures higher than 50 mTorr. Тһе characteristic 
Memoths for these fields were the widths of the density 
shells which were much smaller than the dimension of the 
laser plasma. Since o is independent of density, then 
the diffusion time as given by Eqn. 21 is much shorter for 
fields produced primarily in the density shell. 

The exponential decay of the fields with time in 
the moving frame of the field will result in an exponential 
decrease in space in the lab reference frame. If the field 
is being convected at a constant velocity, then at the time 
№, the field maximum is at the position z=vt. Then Ean. 


59 becomes 
=2/ УТ 
Ва) = ве ІШ. (60) 


The reason that the fields decay. faster spatially 
for higher ambient pressures (see Figure 9) is partly 
aime CO the fact that for such high prossu s rE ases 
plasma expansion velocity decreases with ambient pressure. 


This results because the mass of the density shell formed 
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at the front of the laser plasma is large enough to 
affect the dynamics of. the laser plasma. Dean [Ref. 11] 


found that at early times 


ИО 


ome (61) 


where P is the ambient pressure, for pressures above 
about 25 mTorr. Then the scale length for the decay of 


m fields scales as 


1225 


йор T 


De (62) 
Figure 9 shows that 
Aa 4 (32) 


Apparently E. is independent of ambient pressure for this 
range of pressures. 

The reason that the maximum field for 250 mTorr is 
initially ahead of the maximum fields for the lower 
pressures (see Figures 17 - 22) is that the field for 250 
mTorr was generated primarily in the density shell at the 
front of the laser plasma while the fields for the lower 
pressures were generated further back in the laser plasma 
front. The laser plasma was expanding at a lower velocity 
mem 250 mTorr (erie cm/sec versus 107 cm/sec) so that 
eventually the field maxima for the lower pressures over- 


took that for 250 mTorr (see Figure 24). 
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The rapid diffusion of the fields 16% 25) ово 
gene them a broader extent in the radial dir CO m a 
the fields for .1 mTorr have (see Figure 22). The faster 
expansion velocity of the laser plasma ова. | mtiorr eones 
pensates for the faster diffusion for 250 mTorr in the 
z-direction (see Figure 22). 

The serious field distortions which become apparent 
by 260 nsec for 250 mTorr (see Figure 28) may be the result 
of a collisional interaction between the laser vcre and 
the ambient plasma. This was the interpretation given to 
similar distortions in the interaction front which were 
observed by Dean [Ref. 11] for high ambient pressures. 
Log I:sional interaction cannot take place until the laser 
plasma dimension has become larger than the mean free path 
for binary collisions (-l cm). When the laser plasma has 
expanded to that extent, the collisional interaction be- 
comes Rr and causes heating in the front of the 
laser plasma. Thus, radial temperature gradients arise, 
and field production again becomes "а 

The heating takes place within the density shell, 
including the region behind the shell where the density 
gradient is in the +z-direction. Hence, as discussed 
previously, the fields which are generated will be in the 
reverse direction from the fields generated initially. 

The fact that the appearance of reversed fields 


indicates that field production is occurring is clearly 


7 





backed by Figure 63. During the period from 360 nsec 
umtil about 600. nsec, the £xeld energy Бона о Ори ан 
creased by an order of magnitude. During this same period, 
the reversed fields have increased in magnitude to about 
10 Gauss (see Figures 33 - 38). 
ci intermediate Ambient Pressumes 
The magnetic fields for an ambient pressure of 

5 mTorr display many of the characteristics of the fields 
Ви. mTorr. As in the .1 mTorr case, there was a core 
of high field which did not propagate out beyond about 5 
mm and a fast shell of field which separated from the core 
па field. The field contours for 5 mforr have shapes 
ШЕН Ере Z-axis which are similar to those for „1 mTorr 
[S Prgures 29 - 25). The field generated inside the 
laser plasma for 5 mTorr remained distinct from the field 
generated in the density shell because of the relatively 
long diffusion time for the field in the laser plasma. 
Finally, at about 260 nsec, the fields in the two regions 
diffuse into each other, and the field in the laser plasma 
near the z-axis no longer resembled that for .l mTorr 
(see Figure 28). 

| The field generated in the density shell rapidly 
diffused into the ambient plasma due to the shorter dif- 
fusion time for the ambient plasma. This diffusion gave 
the field for 5 mTorr a broader spatial extent than the 


fields for .1 mTorr had. Because the laser plasma expanded 


32 





ас а higher velocity for 5 mPorr than tor оО а: 
fields for 5 mTorr had a broader extent in the ambient 
pussma at each instant of time. 

Strong field production continued Есет иен 
Saut-off in the 5 mTorr case, as Figure 63 shows. The 
locatıon of the field generation appears to be in the 
region of the distortion of the 20 Gauss contour which 
was located at z=] ев r=6 mm at 60 nsec (see Figure 18). 
komparıson of the contours for .1 mTorr and for 5 mTorr 
indicates that the field distortion was at the laser 
ES na front where the density shell would be. The field 
contours at larger distances were not distorted because 
they were in the ambient plasma and not near the region 
where field generation was occurring in the density shell. 

Field generation does not occur uniformly through- 
ene density shell. It occurred at the highest ae 
where the radial temperature gradient was largest, near 
the sides of the laser plasma as was illustrated in the 
example in Section IIC. This resulted in the distortion 
Ш се field. At later times, een of the field 
ewsed the distortion to relax. 

As the laser plasma expanded, its density steadily 
dropped until at late times only the density shell at the 
front was left. The observed shell of field seems to be 
associated with this density shell. The shell structure 


of the field became apparent at about 340 nsec (see Figure 


Od 





a м. 





32). The density gradient behind the density shell is 
in the +z-direction so that at late times. Ame a 


reverses near the target (see Figure 46). 
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This thesis has presented a sizable body of data 
concerning the self-generated magnetic fields. Some of 
the parameters which govern the fields have been investi- 
gated as well as the spatial and temporal behavior of the 
fields. 

The experimental results have been analyzed by applying 
Кап. 18 in a more or less qualitative fashion. This ap- 
proach has succeeded in showing that the theory presented 
here is a plausible explanation of the fields. However, 
the theory was not made quantitative enough for a thorough 
comparison with experimental results. 

Also, much of the analysis of these results depended 
6m Utilizing data published in other studies. In par- 
ticular, there was heavy reliance on Dean's results [Ref. 
11] for the interaction between two counterstreaming 
plasmas. This approach was necessitated by the lack of 
time and means to perform the needed measurements in this 
experiment. Such heavy reliance on the results of other 
studies is certainly not desirable. 

Thus, in order to further develop the knowledge of 
the self-generated magnetic field, work must be done in 
two areas. First, the theory must be developed further 


шї order that it can make quantitative predierionsze ru 


ДО 





fields. Because of the complexity of the за Ба on, ENS 
will undoubtedly require a computer simulation of the 
problem. Secondly, the other parameters of this experi- 
ment need to be measured. Most importantly, the rel«etron- 
ship of the magnetic field to the laser plasma density and 
to the ambient plasma density must be thoroughly studied. 
Only when more progress has been made in these two areas 


can the fields be thoroughly understood. 
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APPENDIX A 


Поща лот 17 16 


со| а? 
[ЕЙ 


= Ух (У хВ) - Ух \Р. (17а) 
с е 


The importance of the displacement current in MaXwell's 


equation 
E 
xB-u j + =, ЗЕ (17b) 
E 
can be evaluated by dimensional analysis. Тһе ratio of 


the two terms on the right hand side of Eqn. 17b becomes 


о (170) 





where t is some characteristic time for the plasma. Now 
Еа situations of interest o> 1, so that Eqn. 170 


becomes 


| E 
Е 
у o ¿10 | (17а) 


т 





ој о 
ар 


Тһе duration of the laser pulse provides a reasonable 
measure for the smallest characteristic time for the laser 
plasma and is of the order of oa sec, Then Eqn. 17G 


shows that 


(176) 
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for this problem. Then Eqn. 17b becomes 


VxBeu j (1951) 


n d 


Using Eqn. 17f the second term in Eqn. 17a becomes 


-- iu. Lo ny 
© и 9 | 


2109 (0: В) -у28] (179) 
но 
O 

= 2 y^] 


a | 


The third term in Eqn. 17a becomes 


Ух 1 Үр -Vx € Vp 
e e 


n e ep 
e e 
зе са 
=\ (ар) xVP 
е 
Е > > 
Since УхУР „=0 
Then 
ans ee Vv хур (17h) 
ne e ep e e 
e e 
: > | " 
since V (5) xVP 0. 


(= 


Equation 17h can also be written 


91 Ӱр = VT xV(n КТ) 
и сета Je 
= = = 


Кт ха. (173) 
ЕН е e 
Hence, Eqn. l7a becomes 
-у 
дВ 


== = Ух(у хв) + 
ә = x en 


ћ „23, k >. 3 
па? Вада суша мия (Бу) 
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APPENDIX B 


Puemcircuit for an Rcointegrator Zi 


By simple circuit analysis, 


V. 
y = in 
sur 2T£RC+1 


If 21T£RC>>1l, then Eqn. 29a becomes 


+» “ы 
re jun 


Now the input signal is 


V. - v. oie nit 
In іп 


SO that 


ze 
Му at! 7“ 214 
Thus, Eqn. 29b can be rewritten 


me 
Ze VERUS 


(29а) 


(295) 


( 29с) 


(29а) 


(29е) 


Here the input signal is from a magnetic probe, so that 


mom Eqn. 28 


N; ae = nes 
in | 


TOS 


(29£) 





Then, Eqn. 29e becomes 


nA 
ое С БС 


ШІ 2ТІЕС>>1. 


The lowest frequency f for which home 


@ensiaereaq valid is such that 2wf RC и 


(29а) 


29g is generally 


Then Eqn. 


29g can be applied to any Signal whose Fourier composition 


contains a fundamental frequency no lower than f defined 


above. 
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широке 1, Cylindrical polar coordinate system used. 
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Eucume 2, Block diagram of experimental layout. 
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Figure 3, 


Target Normal (Z-Axis) 


Target Rotation |! 
Knob 


Top view of vacuum chamber, Port #1-is the laser beam 
entry port, #2 is the reflected laser beam observation 
port, #3 is the transmitted laser beam observation port, 
#4 is an optical observation port, #5 is the forward 
optical/probe observation port, and #6 and #7 are the 
side optical/probe observation ports, 


109 





25 _———- u аа, ен 


140 


20 
120 
e 
а 
ao 
100 3 
EN ej 
E e 
NA 
Ф Е 
50 80 Ф 
ој “г 
ә ра 
= 
2 9 
60 He 
Ф 
с 
00 
40 > 
20 





Led acce а IM 
22 4 : 


И 6 .8 
Тіше (изес) 
iure 4, Magnetic probe signal representing the azimuthal magnetic 


field detected at z-r-4 mm, 0=0°, for a nitrogen back- 
ground gas pressure of 250 mTorr, The laser power pulse 
is displayed for reference, 
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Maximum azimuthal magnetic field at z-4 mm, r=3 mm, @=0°, 
as a function of laser power incident on a .005 in. Mylar 
foil in a background gas pressure of 25 mlorr of nitrogen. 
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Figure 6, Maximum azimuthal magnetic field at-z-4 mm, r-3 mm, 0=0°, 
as a function of nitrogen background pressure for an 
incident laser power of 300 MW, 
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Maximum azimuthal magnetic field at z=4 mm, r=3 mm, 0=0°, 
as a function of nitrogen background pressure for a given 
laser power incident on a ,005 in, Mylar foil. 
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Axial Distance (cm) 
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Nitrogen background gas pressure at which the azimuthal 
magnetic field at a fixed axial position attains its 
largest value as a function of the axial distance of 
that position along r-3 mm, 0=0°. 
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Figure 9, 
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Scale length for the exponential decrease of the maximum 
azimuthal magnetic field with increasing axial distance 


along r-3 mm, 0-0*, as a function of background pressure 
of nitrogen gas. 
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Figure 10. Magnetic field mapping grid in the #=0° plane. Probe 
measurements of the field were taken at each intersection 
point of the grid lines, 
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Figure 12, Maximum azimuthal magnetic field as a function of axial 


distance along r-4 mm, 0-0^, for various pressures of 
nitrogen background gas. 
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Maximum azimuthal magnetic field along r=4 mm, 0-0”, as 


a function of time, for various pressures of nitrogen 
background gas. 
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Figure 14, Maximum azimuthal magnetic field along r=4 mm, 9=0”, аз 
a function of time, for 250 mTorr of nitrogen background 
gas. 
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